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Over the past decades, new materials have formed the backbone in shaping the 
landscape of technology. From the Si-based transistors in our smart devices to the carbon 
fibers that have redefined air-transportation, the pursuit for a stronger, lighter, and cost-
effective material has never ceased, as well as the attempt to fully understand their physics 
and material properties. Moore’s law just turned 50th this year. Moore’s law seems harder 
and harder to hold as the industry has reached a point where the dimensions of those Si-
based transistors are getting too small and thin to proceed quickly and without incurring 
substantial additional cost. Also, the transistor dimensions have been getting closer and 
closer to the physical limitation of the Si. Today, the most advanced node is merely “7 nm” 
– less than 15 layers of Si, silicon oxides, or other metal oxides. At this point, every layers 
of atoms counts. The search for new ultrathin materials as the “new silicon” has begun. 
In this regard, graphene, which is a single sheet of carbon atoms arranged in a 
hexagonal honeycomb lattice, has led to a huge interest in the science and technology 
communities due to its exotic physics that arises from low-dimensional confinement. This 
interest soon extended to two-dimensional (2D) electronic materials systems, especially 
 
 
semiconducting van der Waals layered-materials such as MoS2 that, unlike graphene, has 
a direct bandgap material in its monolayer form. There are also many other promising 
candidates such as transition metal dichalcogenides (TMDCs), black phosphorene, and 
perovskites on this rapid growing “2D materials” family tree. From condensed matter 
physics’ point of view, studying the electronic behavior of these 2D systems can provide 
insight into a variety of phenomena, including epitaxial growth, interfacial charge transfer, 
energy-momentum relation, and carrier mobility, that leads to advanced device fabrication 
and engineering. In this dissertation, I examine (1) the surface structure, including the 
growth, the crystal quality, and thin film surface corrugation of a monolayer sample and a 
few layers of MoS2 and WSe2, and (2) their electronic structure. The characteristics of these 
electronic systems depend intimately on the morphology of the surfaces they inhabit, and 
their interactions with the substrate or within layers. These physical properties will be 
addressed in each chapter. 
This thesis has dedicated to the characterization of mono- and a few layers of MoS2 
and WSe2 that uses surface-sensitive probes such as low-energy electron microscopy and 
diffraction (LEEM and LEED). Prior to our studies, the characterization of monolayer 
MoS2 and WSe2 has been generally limited to optical and transport probes. Furthermore, 
the heavy use of thick silicon oxide layer as the supporting substrate has been important in 
order to allow optical microscopic characterization of the 2D material. Hence, to the best 
of our knowledge, this has prohibited studies of this material on other surfaces, and it has 
precluded the discovery of potentially rich interface interactions that may exist between 
MoS2 and its supporting substrate. Thus, in our study, we use a so-called SPELEEM system 
(Spectroscopic Photo-Emission and Low Energy Electron Microscopy) to address these 
 
 
imaging modalities: (1) real-space microscopy, which would allow locating of monolayer 
MoS2 samples, (2) spatially-resolved low-energy diffraction which would allow 
confirmation of the crystalline quality and domain orientation of MoS2 samples, and, (3) 
spatially-resolved spectroscopy, which would allow electronic structure mapping of MoS2 
samples. Moreover, we have developed a preparation procedure for samples that yield, a 
surface-probe ready, ultra-clean, and can be transferred on an arbitrary substrate. 
In this thesis, to fully understand the physics in MoS2 such as direct-to-indirect 
band gap transition, hole mobility, strain, or large spin-orbit splitting, we investigate our 
sample using micro-probe angle-resolved photoemission (µ-ARPES), which is a powerful 
tool to directly measure the electronic structure. We find that the valence bands of 
monolayer MoS2, particularly the low-binding-energy bands, are distinctly different from 
those of bulk MoS2 in that the valence band maximum (VBM) of a monolayer is located at 
Κ̅ of the first Brillouin zone (BZ), rather than at Γ̅, as is the case in bilayer and thicker MoS2 
crystals. This result serves as a direct evidence, if complemented with the 
photoluminescence studies of conduction bands, which shows the direct-to-indirect 
transition from mono- to milti-layer MoS2. We also confirmed this same effect in WSe2 in 
our later studies. Also, by carefully studying the uppermost valence band (UVB) of both 
exfoliated and CVD-grown monolayer MoS2, we found a compression in energy in 
comparison with the calculated band, an effect, which were also observed in suspended 
sample with minimum-to-none substrate interaction. We tentatively attribute it to an 
intrinsic effect of monolayer MoS2 owning to lattice relaxation. The degree of compression 
in CVD-grown MoS2 is larger than that in exfoliated monolayer MoS2, likely due to defects, 
doping, or stress. Furthermore, we find that the uppermost valence band near  Κ̅  of 
 
 
monolayer MoS2 is less dispersive than that of the bulk, which leads to a striking increase 
in the hole effective-mass and, hence, the reduced carrier mobility of the monolayer 
compared to bulk MoS2.  
Beyond monolayer MoS2, we have studied the evolution of bandgap as a function 
of interlayer twist angles in a bilayer MoS2 system. Our µ-ARPES measurements over the 
whole surface-Brillouin zone reveal the Γ̅ state is, indeed, the highest lying occupied state 
for all twist angles, affirming the indirect bandgap designation for bilayer MoS2, 
irrespective of twist angle. We directly quantify the energy separation between the high 
symmetry points Γ̅ and K̅ of the highest occupied states; this energy separation is predicted 
to be directly proportional to the interlayer separation, which is a function of the twist 
angle. We also confirm that this trend is a result of the energy shifting of the top-most 
occupied state at Γ̅, which is predicted by DFT calculations. Finally, we also report on the 
variation of the hole effective mass at Γ̅ and K̅ with respect to twist angle and compare it 
with theory. Our study provides a direct measurement and serves as an example for how 
the interlayer coupling can affect the band structure and electron transitions, which is 
crucial in designing TMDs devices. 
To the end of this thesis, I briefly sum up our angle-resolve two-photon 
photoemission (2PPE) studies on self-assembly molecules, organic molecules, and 
graphene on highly-crystalline metal systems, and our investigation of their interfacial 
charge transfer/trapping, image potential states, and coverage-dependent dipole moments, 
as well as their work functions by using a tunable ultra-fast femtosecond laser. 
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“There's plenty of room at the bottom.” - Richard P. Feynman 
 
1.1 Two Dimensional Surface Systems 
Two-dimensional (2D) materials [1] have historically been one of the most extensively 
studied classes of materials due to the wealth of unusual physical phenomena that occur when 
charge and heat transport is confined to a plane. Many materials have novel properties dominated 
by their two-dimensional structural units as stacks of strongly bonded layers with weak interlayer 
attraction, allowing exfoliation into individual, atomically thin layers. For example, the layered 
metal dichalcogenides (LMDCs), copper oxides, and iron pnictides exhibit correlated electronic 
phenomena such as charge density waves (CDW) and high-temperature superconductivity 
[1][2][3]. The most-discussed 2D material is graphene, the monolayer counterpart of graphite. The 
discovery [4][5] of single-layer graphene in 2004 by Novoselov and Geim has shown that it is not 
only possible to exfoliate stable, single-atom or single-polyhedral-thick 2D materials from van der 
Waals solids, but that these materials can exhibit unique and fascinating physical properties. For 





charge carriers can be described as massless Dirac fermions, providing researchers with an 
abundance of new physics. Most importantly, graphene is also an extremely thin electrical and 
thermal conductor with very high carrier mobility. 
In addition, there exists an entire periodic table of crystalline solid-state materials each 
having different electronic, mechanical, and transport properties. It is also possible to create single-
atom or few-atom single layer from a polyhedral structure. Thus, after the “rise” of graphene, 
transition metal dichalcogenides (TMDCs) began to receive much attention. TMDCs are layered 
materials with strong in-plane bonding and weak out-of-plane van der Waals interaction, and, most 
importantly, they are semiconductors with a large bandgap. Although TMDCs have been studied 
for decades, recent advances in nanoscale materials characterization and device fabrication have 
opened up new opportunities for two-dimensional layers of thin TMDCs in nanoelectronics and 
optoelectronics. It was shown decades ago by Frindt et al. that the layered metal dichalcogenides 
could be mechanically and chemically exfoliated into few and single layers [6][7]. This early 
works focused on attempts to obtain and characterize these thin layers [6]-[10]. It was not until the 
past decade that these 2D system researches had finally dedicated their effort on synthesizing, 
transferring, detecting, characterizing, and manipulating the properties of mono- to multi-layer van 
der Waals materials. Also, the (re)invention of some novel synthetic methods including topo-tactic, 
solution-based, solvothermal, and ultra-high vacuum (UHV), or 10-10 torr (760 torr = 1 atm, 
atmospheric pressure) surface epitaxial approaches have help unleashed the potential to create new 
van der Waals solids and single-layer-thick materials. These established methods have enabled the 





In this dissertation, I will present a comprehensive study of surface structure, morphology, 
and electronic structure of mono- and multi-layer MoS2 and WSe2. I will focus on the evolution of 
their band structure as a function of thickness and interlayer twist angles, and also on their 
interaction with the underlying substrate. I will discuss the origin of these physical phenomena – 
the out-of-plane quantum confinement and interlayer coupling, and how they change the band 
dispersion, the hole effective mass, and the bandgap. In addition, in chapter 8, I will briefly discuss 
the interfacial electronic structure of organic/metal interfaces, which is a sub-monolayer to 
monolayer, surface sensitive, single-crystal metal substrate 2D system. 
 
Figure 1.1 Graphene band structure near Diract point: (a) A cartoon made from theoretical 
calculation; (b) direct band measurement. (c) Graphene high-symmetry points in momentum 
space. (d) Direct band mapping of the graphene Fermi surface. Each triangular cone lies on one of 





1.2 Graphene – One-Atomic-Thin Layered Material 
As we have briefly mentioned in the introduction, graphene, a thin sheet of sp2-bonded 
carbon atoms, is the first well-known two dimensional nanomaterial to exist in truly one atomic 
layer thin and stable form that can be prepared using the so-called scotch-tape method by 
Novoselov and Geim in 2004 [5].  It has become a hot topic for the past decade mainly due to its 
extraordinary electronic, optical, mechanical, and transport properties and promising applications. 
It has a very special electronic structure as it has a linear band dispersion near K point (Diract 
point, Figure 1.1) which enables extremely high mobility ~ 2.5 × 105 cm2 V−1 s−1 at room 
temperature [11] (Fermi velocity equals ~1% of the speed of light) and flat absorption band in 
visible light. Monolayer graphene is semi-metallic and its carriers are massless Dirac fermions 
whose dynamics are described by the Dirac equation [12]. The maximum current density that 
monolayer graphene can bear is several million times larger than that in copper [12]. In terms of 
its mechanical properties, monolayer graphene has a Young's modulus of 0.5 – 1.0 TPa and a high 
intrinsic strength of ~130 GPa [14]. Furthermore, monolayer graphene has a high thermal 
conductivity of ~3000 W mK−1 [15][16], extremely high resistance to gas permeation [17], a high 
transmittance of ~97.7% [18], etc. These outstanding properties and promising applications have 
stimulated research in graphene and graphene-based materials. Also, graphene has been proposed 
for a host of applications ranging from electronic devices, photonic devices, advanced composites, 








Figure 1.2 MoS2, a widely used powder as industrial lubricant, as is shown in (a). (b), MoS2 in 
high purity form ready for exfoliation. (c) Its layered atomic structure and (d) unit cell and 
Brilloiun zone. Pictures adapted from Ref. [31][34][35][36], respectively. 
1.3 Beyond Graphene – Transition Metal Dichalcogenides 
In addition to graphene, there still lies a large family of 2D inorganic layered nanomaterials 
that also have great importance and interesting physics. One important quest in 2D material 
research is to search for the “new graphene” that overcomes the intrinsic limit of graphene – lack 
of bandgap. Although researchers have tried several different methods to tackle the issue, for 
example, by applying a large electrical field or by artificial strain, they can merely create a bandgap 





metal dichalcogenides (TMDs, or TMDCs), such as MoS2, TiS2, TaS2, WS2, MoSe2, WSe2, etc., 
have received most of the attention as a strong candidate for the “new graphene” in recent years, 
because of their semiconducting or even superconducting properties. In addition, they are abundant 
and accessible in their nature form.  
TMDC monolayers are atomically thin semiconductors of the type MX2, with M a 
transition metal atom (Mo, W, Sn, Zr, Hf, Ta, Nb, etc.) and X a chalcogenide atom (S, Se, and Te), 
as shown in Figure 1.3 (c). One layer of M atoms is sandwiched between two layers of X atoms. 
A layer of TMDC is less than 10 Å , for example, monolayer MoS2 is ~6.5 Å  thick. Featuring 2D 
morphology and ultrathin thickness, these TMDC sheets present some unusual physical, chemical 
or electronic properties compared to their bulk counterparts and therefore hold great promise for a 
variety of applications [20]-[26]. One of the most important features is that all of the monolayer 
MoS2, WSe2, MoSe2, WS2 are direct bandgap materials, and they will transform into indirect 
bandgap in their bilayer or multilayer form. This unique feature has been experimentally observed 
using a direct band mapping probe, as presented in this thesis. It can be utilized as ultra-thin 
transistors and optical emitters/detectors [27][28][29]. Also, the TMDC monolayer crystal 
structure has no inversion center. This lack of inversion symmetry allows researchers to access a 
new degree of freedom of charge carriers, namely the k-valley index, and to open up a new field 
of physics: valleytronics [30]-[33]. Moreover, the strong spin-orbit coupling in TMDC monolayers 
leads to a spin-orbit splitting of hundreds meV in the valence band and a few meV in the 
conduction band. This special property gives rise to studies on controlling the electron spin by 





1.4 Sub-Monolayer 2D system 
Beside our interests in layered materials and the physics regarding interlayer interactions 
and interactions with substrate, a fundamental question arises: what happened at the interface? To 
answer this question, let start with a fundamental model system: solids with crystallinity. In solids, 
their interfaces are defined as a few atomic or molecular layers forming at a boundary between 
two solid materials. In the simplest interface: solid-vacuum interface, the electronic wave function 
from the solid is very different from the Bloch waves in the bulk materials, due to the sudden 
termination of the crystal periodicity that breaks solid’s symmetry at the interface. The long-range-
interaction related wave-functions that extend outside bulk will be decaying quickly toward the 
vacuum; while some localized, surface states related wave-functions will remain at the surface but 
they will propagate along the interface. In this sense, in the vicinity of a solid-solid interface, it is 
more complicated as it involves another solid and its localized interactions.  
Thus, in my dissertation, I will briefly discuss the molecule-metal interface, as well as 
graphene-metal interface, for which has many different and strong interfacial interactions that lead 
to energy level alignment, work function modification, broadening of molecular states, and 
appearance of new states. The electronic properties of the molecule/metal interface has many 
potential technological applications. One example is the heterogeneous catalytic reaction, which 
involves all of the molecular/metal interactions such as adsorption, diffusion, desorption, and 
dissociation between the metal substrate and the reactant molecules. Another example is the 
widely-used organic devices built by one or a few organic materials sandwiched between two 





through the bulk. Thus, the scattering and trapping of charges at the interface can boost or lower 
its performance, especially in 2D like devices. Thus, the operating voltage in organic light-emitting 
diode and conversion efficiency in organic solar cell is extremely sensitive to the molecules or 
solution and other physical properties of at the interface. Thus, understanding the interfacial 
electronic structure and charge dynamics is the key to designing organic semiconductor devices, 
its substrates, and condition control of fabrication processes. 
In this thesis, I will also explain the powerful apparatus we used to study the interfaces:  
two-photon photoemission (2PPE) in an UHV system. UHV technology enables the preparation 
of clean surface and the precise control of adsorbate thickness. The method of 2PPE is very 
sensitive to sample surface and is efficient in determining unoccupied states above Fermi level. In 
addition, we uses a femtosecond laser combined with pump-probe technique to study interfacial 
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“The true method of knowledge is experiment.” - William Blake 
This chapter covers a wide range of specialized experimental techniques that were 
employed in the investigations described in this dissertation. The chapter starts with introducing 
the state-of-art beamlines in synchrotron radiation facilities in Brookhaven National Laboratory 
(BNL) and Elettra Sincrotrone Trieste. It then specifies the key equipment we used on these 
beamlines. Our chapter reviews the basic principles underlying these experimental techniques and 
provides details about the specific experimental setups and our adaption used to acquire data. The 
sample preparation procedures are also provided to show how challenging it is to prepare various 






2.1 Synchrotron Radiation, Beamlines, and SPELEEM system 
 
Figure 2.1 An overview of the NSLS I. Our U5UA beamline was located in this facility, and it has 
been transferred to the new synchrotron NSLS II. 
 
2.1.1 SPELEEM System and U5UA Beamline at BNL 
Most of our MoS2 and WSe2 experiments, as well as several “avant-garde” experiments on 
ReS2, black phophorene, and perovskites, were performed using the so-called SPELEEM system 
at beamline U5UA of the National Synchrotron Light Source at Brookhaven National 
Laboratory[1] in Long Island, New York. SPELEEM stands for spectroscopic photoemission and 
low-energy electron microscope measurements; it is by far the most versatile multi-technique 
microscope that includes low-energy electron microscopy (LEEM), photoemission electron 
microscopy (PEEM), micro-probe low-energy electron diffraction (µ-LEED), micro-probe angle-





cases with energy-filtered X-ray photoemission electron microscopy (XPEEM) capability; this 
system has been proved to be a powerful tool for studying 2D systems.  
The SPELEEM microscope images surfaces, interfaces and ultra-thin films using a range 
of complementary analytical characterization methods [2][3]. When operated as a LEEM, the 
microscope probes the specimen using elastically backscattered electrons.  This instrument allows 
direct, real-space imaging of the sample morphology with a 2-100µm field of view (FOV), and 
with lateral resolution below 10nm; its effective resolution is limited by electron scattering from 
grain boundaries, edges, or domain walls. As described above, LEEM is highly sensitive to the 
surface crystalline structure and, due to the favorable backscattering cross-sections of most 
materials at low energies, allows image acquisition to be obtained at video frame rates.  
 
Figure 2.2 The layout of the customized ELMITEC SPELEEM III system that was used at the 
U5UA beamline. 
Along with real-space imaging, the SPELEEM microscope is capable of micro-probe 





resolved photoemission electron spectroscopy (µ-ARPES) measurement when probing with 
electrons and photons, respectively. In diffraction operation, the microscope images and magnifies 
the back focal plane of the objective lens. In the ARPES mode, the full angular emission pattern 
can be imaged on the detector up to a parallel momentum of ~ 2 Å -1; at larger parallel momentum 
the transmission of the microscope decreases. All diffraction measurements are restricted to areas 
of ~ 2 µm in diameter, which are selected by inserting a field-limiting-aperture into the first image 
plane along the imaging-optics column of the instrument. Notice that in different applications, one 
can choose from a range of sizes of the selected-area aperture. 
Thus, the SPELEEM enables measurements on samples that are homogeneous over areas 
of a few square microns. For LEEM and ARPES measurements, the energy resolution is 200 meV 
and the momentum resolution of the microscope when operated in diffraction mode is ~ 0.018 Å -
1. This value for the momentum resolution was obtained from calibration on a standard gold target. 
An alternative method to obtain the momentum resolution is by carefully calibrating the distance 
between 0th order and 1st order LEED spots in terms of pixel. A more detailed introduction to these 
surface probes in SPELEEM will be covered in the following sections.  
2.1.2 Nanospectroscopy Beamline at ELETTRA 
The Nanospectroscopy beamline at ELETTRA[5][6][7][8] also uses a similar SPELEEM 
system adapted from a customized ELMITEC LEEM V that has higher energy resolution (up to 
40meV for ARPES and LEED) and is capable of doing XPEEM (in XPEEM/XPS it’s ~106meV 
and depends on apertures and gratings.) Also, its incident light/electron beam projects onto the 





makes the ARPES data exhibit different selection rules and parallel momentum that, in some cases, 
grants access to bands that were forbidden in the SPELEEM in BNL. The Nanospectroscopy 
performs the most demanding x-ray spectroscopies in a laterally-resolved manner, giving access 
to the chemical state, electronic structure and magnetic order of surfaces, interfaces and thin films. 
Along with spectroscopic imaging, with resolution of tens of nanometers, one can study magnetic 
domains, electronic and chemical structure of surfaces and interfaces, core levels, and growth 
dynamics of nanostructured composite surfaces. 
 
Figure 2.3 Layout of the Nanospectroscopy. It demonstrates how the high photon flux of selected 





For the layout of the beamline, the light source is at the middle-point between the two 
undulator sections U1.1 and U1.2 with phase modulator electromagnet (see Figure 2.3). Sitting at 
10 meter away from the light source, the pinhole (PH) regulates the angular acceptance of the 
incident beam and filters out unwanted radiation from the undulator. The toroidal mirror (TM) de-
magnifies the source by a factor of 8 and 5.3 in the horizontal and the vertical plane, respectively. 
The entrance slits are located at the horizontal and vertical foci of the toroidal mirror. After passing 
through both slits, the light is then dispersed by the monochromator and undergoes a vertical 
demagnification. After the exit-slit (ExS), a retractable plane mirror allows users to switch between 
the two branches of the beamline, the light goes into the refocusing mirrors that are two bendable 
mirrors arranged in a Kirkpatrick-Baez geometry. Finally, the light goes through the selected 
aperture and hits the specimen. 
A schematic diagram of the SPELEEM microscope is given in the Figure 2.4. It has (1) 
main chamber; (2) preparation chamber with load lock; (3) image column; (4) illumination 
column; (5) beam separator; (6) connection to the beamline. There are valves between the main 
chamber and the beamline, between the main chamber and the preparation chamber, between the 






Figure 2.4 (Left) Schematic of SPELEEM microscope. (Right) Details of imaging column and 
electron analyzer. 
One of the important features of the Nanospectroscopy is that it can perform X-ray 
photoemission electron microscopy (XPEEM) and X-ray photoemission spectroscopy (XPS). In 
XPEEM mode, the specimen is imaged using the beamline high energy X-ray photons, provided 
by an undulator source. The lateral resolution in XPEEM approaches a few tens of nm [4], and the 
horizontal resolution is only limited by the selected aperture. Owing to its high spatial resolution 
and strong interaction with the atom core level, XPEEM is sensitive to the local chemical and 
electronic structures, and is ideal for mapping surface composition, coverage, and detecting 
contamination. Laterally resolved versions of synchrotron-based X-ray absorption (XAS) and 
photoemission spectroscopy (XPS) are possible (see Figure 2.5). The principles of photoemission 






Figure 2.5 An example of an XPS spectrum on a few-layer ReS2 sample probed using the 
Nanospectroscopy in Elettra. Instead of scanning through different binding energy, by locking the 
energy at a specific atom’s core level peak, one can image the coverage of that atom in an area of 
interest in XPEEM mode.  
2.1.3 Spectromicroscopy Beamline at ELETTRA 
Besides working on the SPELEEM systems, we also used the Spectromicroscopy beamline 
at ELETTRA [9], which is a state-of-art traditional ARPES system equipped with a micron-sized 
probe. This measurement is made possible by the combination of the large photon flux of 





1 micron - afforded by modern synchrotron radiation optical systems, and the micrometer-sized 
aperture. Per our experimental settings, the Spectromicroscopy beamline can operate at high 
energy resolution (33meV) and high momentum resolution (2.7mÅ -1), as well as a low-
temperature capability of ~ 40K. In addition, although the Spectromicroscopy is not equipped with 
LEEM, it has a photoemission mapping instrument to help locate the sample. Thus, it is also an 
excellent tool for high-resolution investigation of the band structure of 2D materials like graphene 
and MoS2. Furthermore, with a carefully designed sample holder, we can add contacts on the 
sample to provide electrode gating. Currently, the system can add up to three contacts and one to 
“ground” the sample. This feature is extremely useful for controlling sample biasing and for 
potential field-effect transistor device operation.  
The beamline works as follows: A low-photon-energy beam (below 100 eV) is focused 
into a sub-micrometer spot and electrons arising from the photoemission process are collected and 
analyzed in terms of their angular and energy distributions (ARPES). As a respect of the beam 
focusing the photoelectron spectrum is acquired as a function of its spatial origin on a sample 
surface coordinate system. In terms of mechanical design, the final focusing is obtained by 
multilayer-coated optics of two exchangeable Schwarzschild objectives (SO) and an internal 
movable hemispherical electron energy analyzer that can perform polar and azimuthal angular 
scans in ultra-high vacuum, as shown in Figure 2.6. The use of multilayers, on the X-ray mirrors 
required for high reflectivity at a certain wavelength, restricts the photon-energy range available 
after the monochromator (20-200 eV) to specific narrow lines. Currently the beamline is equipped 
with two Schwarzschild objectives designed for 27 and 74 eV of photon energy. As for the ARPES, 





goniometer setup. Moreover, the sample is capable of moving in xyzr directions on a scanning 
stage and can be operated in temperature range of 40-470K. 
 
Figure 2.6 Principal scheme (a) and three-dimensional design (b) of the instruments inside the 
experimental chamber. The incoming beam is focused by one of the two Schwarzschild objectives 
and the sample can be scanned across the beam to obtain the photoemission intensity distribution 
maps within selected angle and energy windows. The main components are Schwarzschild 
objectives (SO1 and SO2), electron analyzer (EA), goniometer (G), sample holder (SH), scanning 
stage (SS) and cryostat (C). 
Thus far, we have used this beamline to study suspended bilayer graphene, the “gating 
effect” on graphene and MoS2, and the electronic band structure of suspended and support MoS2 





2.2 Low Energy Electron Microscopy 
2.2.1 Review of LEEM 
Low energy electron microscopy (LEEM) is a UHV surface imaging technique developed 
by Ernst Bauer and Wolfgang Telieps in 1985. In contrast to scanning microscopy techniques such 
as scanning electron microscopy (SEM) or scanning tunneling microscopy (STM), which require 
an electron beam or probe to be focused on a small spot and scanned across the sample surface, 
LEEM is a true real-time imaging technique, i.e., all imaging pixels are acquired simultaneously 
from the illuminated area on the surface at a frame rate of 10 frames per second. This enables 
dynamic processes such as chemical reaction and surface doping to be studied in real time.  
The design of an LEEM instrument differs from conventional electron microscopies in four 
main ways: 1. The sample is illuminated on the same side of the imaging optics, i.e. through the 
objective lens, because samples are not transparent to low-energy electrons. 2. In order to separate 
the incident and elastically scattered low energy electrons, researchers use magnetic “electron 
prism” beam-separators which focus electrons both in and out of the plane of the beam-path to 
avoid distortions in the image and diffraction patterns. 3. An electrostatic immersion objective lens 
brings the sample close to that of the gun, slowing the high-energy electrons to a desired energy 
only just before interacting with the sample surface. 4. The instrument must be able to work under 
UHV condition. In addition, LEEM operates at electron energies on the order of 1 - 100 eV, which 
works near the maximum of electron penetration depth. Thus, the technique is highly surface 






2.2.2 Experimental Setup of LEEM 
The basic setup of the LEEM instrument in the SPELEEM system is shown in Figure 2.4. 
High energy electrons (15-20 keV) are emitted from an electron gun and pass through a series of 
condenser lenses which focus and position the beam. The electrons are then sent through a 
magnetic beam-separator (used to separate the incoming from the outgoing beams) and an 
objective lens before impinging on the sample. The sample is held at a very high voltage (15-20 
kV) while the electron gun and objective are grounded such that the incoming electrons are 
decelerated to "low" energies before interacting with the surface. Backscattered electrons are then 
reaccelerated to high energies as they move away from the surface before passing back through 
the objective lens. The beam-separator steers the backscattered electrons into the imaging column, 
after which they are detected by an imaging plate or screen. 
 
Figure 2.7 Atomic steps, magnetic domains, 2D thin films and 3D islands are just a few examples 
of objects seen with LEEM. Figure adapted from Ref. [11]. 
 





The image formation in LEEM is a revisit of multiple contrast mechanisms, which depend 
on both the electron energy used and the specifics of the sample being probed. At typical LEEM 
energies (1-100 eV), the cross section for elastic backscattering from the surface atoms depends 
both on the electron energy and on the chemical species of the scattering atom. Assuming that each 
electron undergoes only one scattering event, and the incident beam is described as a plane wave 





where m and E are incident electron mass and energy, respectively. If the wavelength is in the 
commonly used unit of Å -1, then the equation can be put in the form:  




 In particular, the backscattering cross-section is a non-monotonic function of nuclear charge, 
which allows one to image light adsorbats which may be present on substrates composed of heavier 
atoms. Additionally, the reflection coefficient for a crystalline solid varies strong with electron 
energy due to the band structure of the material; incident electrons with energies corresponding to 
band gaps in the material will be reflected with high probability, while those with energies that 
can be matched onto electronic states in the crystal will penetrate into the material. This 
phenomenon is identical to that encountered in an analysis of low-energy electron diffraction. 
Thus, a natural contrast mechanism for LEEM is based on local differences in the diffractions 





surface due to strain fields, dislocations, or local variations in surface structure or crystal 
orientation. This type of contrast is normally called "bright-field imaging", also known as phase 
or interference contrast imaging, which makes use of the wave nature of the electron to generate 
vertical diffraction contrast, making steps on the surface visible. Examples of the bright-field 
LEEM images working in different modes are shown in Figure 2.7. 
If the sample contains regions with different crystal orientations, it can still be useful to 
image non-specularly diffracted beams, a method which is called "dark-field contrast." In dark 
field imaging (also termed diffraction-contrast imaging), one chooses a desired diffraction spot 
and uses a contrast aperture to pass only those electrons that contribute to that particular spot. In 
the image planes after the contrast aperture, it is then possible to observe where the electrons 
originate from the sample surface, in real space. This technique allows us to study on which areas 
of a specimen a structure with a certain lattice vector (periodicity) exists. A comparison between 
bright- and dark- field LEEM is shown in Figure 2.8 (left). 
In scenarios where the sample surface is not clean or has low conductivity, causing 
extensive charging on the surface, the surface of a sample is probed to check its morphology; in 
this case, mirror electron microscopy (MEM) mode of the LEEM system will be useful. In MEM 
mode, electrons are slowed in the retarding field of the condenser lens to the limit of the instrument 
and thus, only allowed to interact with the near-surface region of the sample. While understanding 
the origin of the exact contrast variations is complicated; the essence is that the height variations 
of the sample surface change the properties of the retarding field, therefore influencing the 





back-scattering; thus, the reflected intensity is very high; The LEEM is then ideal to check the 
sample surface geometry.  
 
Figure 2.8 LEEM - contrast mechanisms.  (Left) Diffraction contrast: dark-field and bright field. 
Interference contrast: (Middle) geometric phase contrast, (Right) quantum size contrast. Figure 
adapted from Ref. [10]. 
Another contrast mechanism is interference contrast due to surface steps or thin films, 
called "geometric phase contrast" and "quantum size contrast," respectively. Both mechanisms 
result from the interference caused by the difference in optical path-length for electrons reflected 
from the terraces bordering a step or from the top and bottom of a thin film. The quantum size 
effect is analogous to the effect produced by a Fabry-Perot interferometer and is very useful for 






There are other closely related techniques in a SPELEEM system such as PEEM and 
LEED. We will visit these techniques in the later part of this chapter. 
2.2.4 Experimental Setup for LEEM Measurement 
The experimental setup of a typical LEEM system [10][11][12] can be divided into eight 
essential components: electron gun, imaging optics, illumination beam aperture, magnetic beam 
splitter, electrostatic immersion object lens, contrast aperture, illumination optics, and image 
plate/detector. A schematic sketch is shown in Figure 2.9. We will briefly introduce each 






Figure 2.9 Scheme of a typical LEEM system. 
The electron gun is used to generate electrons by way of thermionic or field emission from 
a source tip. In thermionic emission, electrons escape a source tip (usually made of LaB6) by 
resistive heating; and with application of an electric field, the work function or the energy for 
electrons to escape the surface can be effectively lowered. Once the electrons escape, they travel 
(while accelerating) down to the lens column to the gun potential (set at V = 0). All operation is at 
UHV conditions such that the electron mean free path is sufficiently long. Also, to generate field 
emission, one can sharpen the source tip (usually tungsten), making for electrons tunneling from 
the tip to vacuum level easier. 
After leaving the tip, electrons go through several imaging optics to be focused and 
translated into the illumination beam. In the imaging optics, electromagnetic quadrupole electron 
lenses are used to improve the electron-beam resolution. However, the ultimate resolution of 
LEEM is usually determined by that of the objective lens. The electron beam will then pass through 
an illumination beam aperture, which allows control of the beam projection and to illuminate only 
the area of interest. The aperture is located in the beam splitter on the illumination side. A magnetic 
beam splitter is also in the beam splitter chamber; it is used to resolve the illuminating and imaging 
beam. There has been much development on the technology of electron beam separators; the early 
separators introduced distortion in either the image or diffraction plane. However, IBM recently 
developed a hybrid prism array/nested quadratic field design,  to focus the electron beams both in 
and out of the plane of the beam path, allowing for deflection and transfer of the image and 





The collimated and focused electron-beam is then directed through electrostatic immersion 
objective lens, which is used to form a real image of the sample by way of a 2/3-magnification 
virtual image behind the sample. The uniformity of the electrostatic field between the objective 
lens and specimen are limited by spherical and chromatic aberrations larger than those of any other 
lenses; uniformity ultimately determines the overall performance of the instrument. The electron 
reflects back from the sample will go through a contrast aperture, which is located in the center on 
the projector lens side of the beam splitter. Unlike most of other electron microscopies, where the 
contrast aperture is introduced into the back focal plan of the objective lens (where the actual 
diffraction plane lies), the contrast aperture of LEEM is in the middle of the beam splitter. Thus, 
one can choose the desired spot intensity to imaging using a contrast aperture, including intensities 
from diffraction (dark field LEEM). Later, the outbound electrons will go through several 
illumination optics, like imaging optics, to be magnified to form the image or diffraction pattern, 
and project onto the imaging plate or detector. The choice of detecting screen can be a 
phosphorescent screen, imaging plate, or a CCD. 
2.3 Low Energy Electron Diffraction 
2.3.1 Review of LEED 
The concept of low energy electron diffraction (LEED) was originated by Louis de Broglie, 
who introduced wave mechanics and proposed the wavelike nature of all electrons. In his Nobel 
laureate work, de Broglie postulated that the wavelength of a particle with linear momentum p is 
given by h/p, where h is Planck's constant. The de Broglie hypothesis was later confirmed 





energy electrons at a high crystalline nickel target and measured the position and intensity of 
backscattered electrons. They found that when plotted with polar coordinates, the distribution of 
the backscattered electrons showed diffraction patterns. These observations were consistent with 
the X-ray diffraction theory developed by Bragg and Laue earlier. Before de Broglie’s time, 
diffraction was believed to be an exclusive nature of waves. Later in the year, Davisson & Germer 
team and Thompson & Reid team both showed their experimental success in demonstrating 
electron diffraction. Those experiments revealed the wave property of electrons and opened up an 
era of electron diffraction study. 
Despite its discovery and success in 1927, LEED did not become an important tool for 
surface analysis until the early 1960s. The main reasons were that monitoring electron directions 
and detecting intensities of diffracted beams were very difficult due to immature state of vacuum 
techniques and the lack of rapid detection methods (it used a Faraday cup to detect electrons.) For 
example, to get a LEED pattern, the sample surface has to be ultra-clean and high crystalline, 
which were impossible without UHV conditions. In the early 1960s, LEED, LEEM, and many 
other surface probes experienced a renaissance as UHV became widely accessible and the 
introduction of a fluorescent screen. Still, this method was not fully optimized until the 
development of a dynamical electron diffraction theory, which took into account the possibility of 
electron multiple scattering. With this theory, it is possible to reproduce experimental data with 
high precision, and to determine surface structures, adsorption sites, bond angles and bond lengths. 
The basic principle of a LEED system is using a beam of low-energy electrons to project 





on the periodicity of the specimen surface. In a typical LEED measurement, the entire sample 
surface is illuminated by a parallel beams of electrons, and thus the diffraction pattern will contain 
information about the entire surface. In some applications like SPELEEM, one can apply an 
aperture to limit the illuminated area to focus only on an area of interest. The diffraction pattern is 
formed in the back focal plane of the objective lens, imaged into the object plane of the projective 
lens (using an intermediate lens), and the final pattern appears on the phosphorescent screen, 
photographic plate or CCD. A schematic plot is shown in Figure 2.10. 
 
Figure 2.10 Schematic of a three-grid LEED unit. This figure is adapted from Ref. [13] 
2.3.2 Experimental Setup for LEED Measurement 
In a standard LEED setup, a coherent and parallel electron beam, acting as a plane wave 





chamber. The far-field scattered electron intensity is recorded as a function of scattering angle. 
Typically, the pattern was detected on a luminescent screen. The electron energy used in LEED 
ranges from 10 to 500 eV, making the electron wavelengths/penetration depth reaching only the 
top few layers of the sample (a few Å ). Due to the strong interaction between electrons and atoms, 
the penetration depth of the incident electron beam is typically less than 10 Å . Due to surface 
sensitivity criteria of LEED, measurements are conducted in UHV chambers. A typical LEED 
setup is diagrammed in Figure 2.10. Starting from the filament to the left, electrons are generated 
by a heated cathode filament, and are accelerated and focused by a series of electrostatic lenses: 
A, B, C and D. The acceleration energy is determined by the potential between the cathode and 
apertures A and D, while apertures B and C are used to focus the electron beam. The last aperture, 
D, is grounded as is the sample and the first grid in front of the fluorescent screen; thus, electrons 
travelling towards the sample as well as the scattered electrons all propagate in a field-free region. 
The backscattered electrons are detected by the fluorescent screen, which must be kept at a large 
positive bias (5-7 keV) with respect to the first grid since only high-energy electrons can illuminate 
the screen. A middle grid is positioned between the first (grounded) grid and the screen and kept 
at a slight negative bias in order to suppress inelastically scattered electrons. It is worth noting that 
the spacing of diffracted beams does not increase with kinetic energy as for conventional LEED 
systems. This is due to the collimation/focus of the imaging column that limit the projected 
momentum-space, regardless of the incident electron energy. While in the case of a SPELEEM 






2.4 Photoemission Spectroscopy 
2.4.1 Review of Photoemission 
Photoemission spectroscopy (PES) has been established as one of the most important 
methods to study the electronic structure of molecules, solids and surfaces [13][14]. Today, more 
than a 100 years after Einstein's explanation of the photoelectric effect, there are many well-
established analysis methods based on photoemission. These methods are used in particular for the 
investigation of solids and surfaces and have contributed substantially to the understanding of the 
electronic structure of condensed matter. In fact, the present state of knowledge about electronic 
band structures and Fermi surfaces comes to a large extent from experimental data obtained by 
PES. With an energy resolution of 1 meV now available, the effects of electron-electron and 
electron-phonon interaction can be observed and investigated in detail (e.g. band renormalization 
near the Fermi energy, lifetime width, Kondo resonance and gaps in conventional 
superconductors). Methods like ESCA (electron spectroscopy for chemical analysis) and 
photoelectron microscopy are now widespread analytical methods in materials science and 
chemistry, and gain more and more importance in fields like nanotechnology and biology [15]. 
Historically, the first experimental attempts to realize photoemission were done by 
Heinrich Hertz and Wilhelm Hallwachs in 1887 [16][17]. In the earliest experiments, they used 
monochromatic radiation obtained by passing light from a continuum source through a prism 
monochromator, and the light was focused onto the surface of a potassium or sodium sample in a 
vacuum tube. Liberated electrons then traveled on toward a second metal plate within the vacuum, 





kinetic energy of the photoelectrons could be determined by adjusting the retarding voltage until 
the current was completely suppressed. They found that this energy depended on both the 
frequency of the incident radiation and the metal sample under investigation. The measurement 
demonstrated that a negative charge, i.e. electron, which was not yet discovered - can be removed 
from a solid when its surface is irradiated by ultraviolet light, whereas no discharge was observed 
for positive charge. At that time, nobody was able to explain these observations. 
Finally, in 1905, in one of his four famous publications, Albert Einstein introduced the 
concept of the photon and deduced the relation between the photon energy ℏ𝜔 and the maximum 
kinetic energy 𝐾𝐸𝑀𝐴𝑋 of the emitted electrons, that is his the fundamental photoelectric equation: 
𝑒𝑈 = 𝐾𝐸𝑀𝐴𝑋 = ℏ𝜔 − 𝜙 
where U is the retarding potential, ω the frequency of light, and 𝜙 a characteristic constant of the 
sample surface known as the work function today. Thus, the most energetic electrons are those 
closest to the Fermi level that absorb all the energy of an incoming photon, ℏ𝜔, and lose the 
minimum energy 𝜙 required to escape the metal. 
Today, photoemission experiments for spectroscopic purposes are performed surprising 
similarly to those of 100 years ago. The basic PES scheme is shown in Figure 2.11. Monochromatic 
photons with energy hν and polarization (A is the vector potential of the electromagnetic field) are 
produced by a light source, e.g. an Al-Kα x-ray anode for XPS or a helium discharge lamp for 
UPS, and irridate the sample surface under an angle Ψ with respect to the surface normal. The 





analyzers, which has a retarded field to select only the electrons with desired energies as a function 
of the emission angles (θ, ψ), polarizations, and in some cases, it is capable of resolving electron 
spin orientation 𝛔. In the end, a detector (usually a microchannel plate (MCP) or charge-coupled 
device (CCD)) captures the electrons of selection. Note that the whole setup has to be in UHV 
condition to eliminate spacious photoelectron scattering. 
 
Figure 2.11 Principle of a modern photoemission spectrometer. This figure is adapted from Ref. 
[18]. 
The fundamental principle of the photoemission process, i.e. the three-step model, is shown 
in Figure 2.14 (left). This simplified picture shows the advantage of photoemission, which shows 
directly the properties of the electronic eigenstates of the investigated system via photoelectrons. 
There are several ways of photoemission designed to utilize this advantage: ultraviolet 
photoemission (UPS), mainly for the (angle-resolved) investigation of valence band states 
(ARUPS), and X-ray photoemission spectroscopy (XPS), providing the investigation of core-level 
states at higher binding energies. The differences here only lie mainly in the light source and 





applications, i.e. a few meV for the discharge lamp and slightly below 1 eV for X-ray anodes, an 
additional monochromator can prove extremely useful to improve energy resolution and to 
suppress background and satellites noises. Also, in Figure 2.14 (right) shows a schematic view of 
the photoemission process in the single-particle picture. Electrons with an initial state energy Ei 
can be excited above the vacuum level Ev by photons with energy hν > Ei + 𝜙. The photoelectron 
distribution I (Ekin) can be measured by the analyzer and is – to the first order - an image of the 
occupied density of electronic states N (Ei) of the sample. Thus, simply by plotting the total number 
of photoelectrons as a function of final state kinetic energy, the band structure of the solid can be 
drawn. Note that the kinetic energies of the final state are referenced to the vacuum level EV, while 
binding energies in solids are generally referenced to the Fermi level, EF, as both a positive value. 
Thus, given the work function of the material (𝜙 = EV - EF), the binding energy of the initial states 
can be calculated from its final-state kinetic energy according to: 
ℏ𝜔 = 𝐸𝐵 + 𝐾𝐸𝑓 = 𝐸𝑓𝑖𝑛𝑎𝑙 − 𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 𝜙 + 𝐸𝐹 − 𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙 
Moreover, an important properties of the photoelectron is that its parallel momentum, k||, is 
conserved in the photoemission process. Thus, k|| for the initial state can be easily derived from 











Figure 2.12 (Left) Three-step model of photoemission. (Right) Excitation within the reduced zone 
scheme. Figure adapted from Ref. [15]. 
2.4.2 Angle-Resolved Ultraviolet Photoelectron Spectroscopy 
Ultraviolet photoelectron spectroscopy (UPS) refers to the measurement of the kinetic 
energy spectra of photoelectrons emitted by a highly crystalline material surface, which has 
absorbed ultraviolet photons, in an attempt to determine molecular orbital energies in the occupied 
states (valence band in most case.) Angle-resolved ultraviolet photoelectron spectroscopy 
(ARUPS, or simply ARPES when not specifying the light source) also measures valence band 
structure directly but with much larger angular coverage, which maps the momentum space along 
certain directions, thus providing a complete picture of the Fermi surface and a three-dimensional 
mapping of the occupied states. In short, ARUPS/ARPES studies the E(k), energy-momentum 





approximation, the results of the field-theory methods in the many-body problem, the quasiparticle 
spectral function and the self-energy, are directly observable via ARUPS. ARUPS works in much 
the same way as neutron diffraction has given information about the dispersion of phonons in 
solids. In the simplest model of photoemission, the transitions are vertical in a reduced zone 
scheme; they occur without the participation of other excitations. Figure 2.14 shows the basic 
photoemission mechanism, and Figure 2.15 shows a typical setup of ARUPS and its excitation 
scheme in a nutshell. 
 
Figure 2.13 (Right) ARUPS setup. The incident light which carries photon energy ℏ𝜔 and vector 
potential A arrives at the surface, and photoemission happens. The photoelectrons with preserved 
out-of-plane momentum will be collected at different emission angles and kinetic energies. Figure 
adapted from Ref. [19]. (Left) An energy level diagram showing core levels and valence band in 
a solid sample along with the corresponding angle integrated energy distribution curve for 
photoelectrons. Note that the grey area under the peaks reflects the electron density of states, and 





The three-step model is the most commonly used single electron model to interpret 
photoemission process. As shown in Figure 2.14, the PE process is broken up into 3 basic steps: 
the excitation of the photoelectron from its initial state to an excited state within the crystal, travel 
from the bulk to the surface, and escapes from the surface into the vacuum. For a more complete 
model include multiple electrons, a complimentary density functional theory (DFT) with many-
body effect approximation is required, and is beyond the scope of this review. In the three-step 
model, the first step considers a direct electron transition within the reduced zone scheme, where 
the electron momentum is conserved up to a reciprocal lattice vector. Note that the photon used 
here has energy in the soft-UV range, and its momentum is negligible. The equation governing the 
initial excitation in terms of density of states is: 
𝑁 = ∑|𝑀(𝑘𝑓 , 𝑘𝑖)|
2
𝛿(𝐸𝑓 − 𝐸𝑖 − ℏ𝜔)𝛿
𝑖,𝑓
(𝐾𝑓 − 𝐾𝑖 − 𝐺) 
The delta functions 𝛿 is used to indicate the conservation of energy and momentum. The transition 
matrix, M, is evaluated between an initial and final state block waves within dipole approximation, 




(𝐴 ∙ 𝑃) 
In the second step, we assume that the photoemission happens in a UHV condition, and the mean 
free path of the emitted photoelectrons is long enough to travel to the surface without being 
scattered.  In the final step, the electrons with sufficient kinetic energy to overcome the surface 





surface potential barrier, they lose perpendicular momentum and preserve parallel momentum. In 
particular, knowing the electron intermediate excited state before escaping into the vacuum, 
combined with the knowledge of photon energy, k|| can be calculated directly owning to the 
preservation of total momentum. This process is illustrated schematically in Figure 2.14 (Left) and 
Figure 2.15 (Left). Such information can come from ab initio band structure calculations. 
However, if the photon energy is sufficiently high, i.e. much larger than the work function, the 
photoemission can excite many states and bulk bands below the Fermi level, with several 





In a step forward from the 3-step mode, the electron is considered as a single-particle 
spectral function, which is the imaginary part of the Green's function for one-electron excitations 
(termed: quasiparticles) as 𝐴(𝜔, 𝑘)  =  −𝜋−1 𝐼𝑚 𝐺(𝜔, 𝑘) [20][21]. In the absence of interactions 
between the electrons, i.e. without many-body interactions, these one-particle states are well 
defined, 𝐺0  =
1
𝜔−𝜀−𝑖0
 and 𝐴(𝜔, 𝑘)  =  𝛿[𝜔 − (𝑘)] , where (𝑘) is the dispersion of “bare” (i.e., 
non-interacting) electrons. Taking into account the interaction in a normal (gapless) state, the 
Green's function also has a simple form: 𝐺0 =
1
𝜔−𝜀−𝛴








where 𝛴 = 𝛴′ +  𝑖𝛴′′ is the quasiparticle self-energy, which reflects all the interaction of electrons 
in the crystal. Thus, the structure of one-electron bands with basic intra-band and inter-band 





Moreover, assume that ARPES spectrum reflects the probability of exciting an electron in 
the crystal with a certain energy ℏ𝜔 and momentum 𝑘|| (hereafter k). Using the same 3-step mode 
mentioned before, the first step is governed by the density of states (electron spectral function), 
multiplied by the Fermi distribution (probability to find an electron at specific energy), 
as 𝐴(𝜔,  𝒌) 𝑓(𝜔). The second step involves the probability of photon absorption, or the direct 
transition to the free level, is dictated by matrix elements 𝑀( ℎ𝜈,  𝑛,  𝒌). Thus, the structure of an 
ARPES-spectrum consisting of n bands can be written in terms of energy and momentum 
parameters (ω, k) as: 
𝑨𝑹𝑷𝑬𝑺(𝜔, 𝑘) ∝ ∑𝑛𝑀(ℎ𝜈, 𝑛, 𝑘)𝐴(𝜔, 𝑘)𝑓(𝜔). 
This equation is written for the two-dimensional case, when the dispersive 2D bands can be seemed 
as a 2D surface in a 3D energy-momentum band structure, where the Fermi surface is presented 
as contours at the Fermi level, the (0, 𝑘)-plane (see Figure 2.14). The experimental factors, such 






Figure 2.14 An example of the electron band structure of undoped bulk Bi2Se3 measured by 
ARPES, adapted from Ref. [22]. (A) A 3D band structure of the material showing the conduction 
band (BCB), valence band (BVB), surface-state band (SSB), Dirac point (ED), Fermi energy (EF), 
and the bottom of the BCB (EB). (B) Constant-energy contours of the band structure. An evolution 
of the band from higher energy down to the Dirac point is observed (C) Band structure along the 





(BZ), and the K and M points [see (D)] are the vertex and the midpoint of the side of the BZ, 
respectively. (D) Selected constant energy contours from (B). 
2.4.3 Experimental Setup of ARPES and Microprobe ARPES 
As in the experimental setup of a UPS system, a typical ARPES setup consists of an 
electron lens, a hemispherical analyzer, and a multichannel detector (Fig. 2.13 left). In the angular-
resolved mode, a spot of focused UV light coming from a monochromator will project on the 
sample surface (the spot size is of order of hundreds micrometers in diameter) and coincides with 
the focal point of the electron lens. The electron lens projects the photoelectrons onto the entrance 
slit of the analyzer. The lens translates the angular information of the received photoelectrons into 
coordinated real space by forming an angular sweep of electrons along the slit. When the electron 
beam reaches the analyzer, the electron beam spreads in energy in a plane (2D detecting arrays) or 
a line (1D arrays) perpendicular onto the slit. As a result, a 2D-spectrum is formed on the 2D-
detector (e.g., a microchannel plate), giving information of the electron momentum on kx and ky 
plane as a function of the energy. Further, the kz momentum can be acquired by mounting the 
sample on a wedge to change its azimuth angle. The ARPES measurement performs a 2D mapping 
in each scan and acquires the intensity of photoelectrons as a function of the energy and the 
emission angle. With special design at the energy analyzer and detector, an ARPES system can 
also probe electronic states with different life-time, polarization, and electron spin. Figure 2.15 







Figure 2.15 Scheme of a low-energy exchange-scattering polarimeter of a spin-ARPES system 
with scattering and detection components. Figure adapted from Ref. [23]. A MCP with annular 
tube is shown in the sectioned view to the left. Photoelectrons (red line) that arrive at the 
polarimeter with selected spin polarization will be scattered toward the detector while the rest of 
the electrons are discarded. The inset shows two possible scattering geometries to collect electrons 
with specific spin polarizations. 
In most of our work, we use a microprobe ARPES (µ-ARPES) of the SPELEEM system. 
Similar to other diffraction techniques, the ARPES mode of SPELEEM images the back focal 
plane of the objective lens. Instead of using low energy electrons (LEED), in ARPES mode, the 
SPELEEM uses photons of selected energy (via monochromator and gratins) and selects only a 





first image plane along the imaging-optics column of the instrument in the beam separator (Figure 
2.9). Also, each time the imaging photons and photoelectrons illuminate an area of interest 
simultaneously, the electrons are collected by a matrix of detecting units after going through 
photomultipliers. In terms of taking data, each time the µ-ARPES takes a snapshot of the entire 
momentum space, for which the size depends on the photon energy used, and each snapshot is 
taken at a constant energy. By stacking all the slices of the constant energy snapshots (Figure 2.14 
(B)), we can construct the entire 3D band structure along all of the high symmetry directions. This 
is different from typical ARPES, which has limited momentum window. The µ-ARPES has been 
proven to be extremely useful for studying 2D materials, especially those with momentum space 
asymmetries. 
The µ-ARPES of SPELEEM enables measurements on samples that are homogeneous over 
an area of about 3 µm2, with momentum resolution of < 0.1 Å -1 and energy resolution < 100meV. 
The value of the µ-ARPES system is that it can probe samples of size of 10 µm or less, which is 
often the case of the exfoliated 2D layered materials. Also, µ-ARPES makes probing nearby areas 
of different crystal orientations possible. The trade-offs of using the µ-ARPES would be its limited 
energy resolution and its sensitiveness to the sample surface corrugation. 
2.4.4 PEEM and XPEEM 
Photoemission electron microscopy (PEEM) is a widely-used technique of emission 
microscopy. PEEM utilizes local variations in electron emission to generate image contrast in area 
of interest in real time. The electron excitation is usually produced by far-UV light (PEEM) or X-





ray is absorbed by matter, electrons are excited from core levels into unoccupied states, leaving 
empty core states. Secondary electrons are generated scattering of primary electrons. Auger 
processes or inelastic electron scattering can create a cascade of low-energy electrons inside the 
sample, and electrons with enough energy will escape the sample surface to vacuum. Thus the 
corresponding electron energies will feature a wide spectrum of energies between the illumination 
photon energy and the work function of the surface. This large population of electrons can cause 
image aberration in the microscope. These indirectly emitted secondary electrons will go through 
an array of imaging optics and being collected by MCP at a specific, yet tunable, energy. PEEM 
can be used for surface-sensitive real-time imaging of any flat and conducting surface to probe 
sample topography contrast, work-function contrast, chemical contrast and magnetic contrast. 
The PEEM system essentially consists of an imaging electrostatic lens system and a UV 
light source for the creation of photoelectrons via photoemission. The photoelectrons emitted from 
the surface are imaged onto a channel plate for amplification and finally onto a fluorescent screen. 
The image is acquired using a CCD camera typically. The PEEM system is often equipped with 
an integrated sample stage for unsurpassed stability and precise sample positioning via remote 
controlled piezo drives. It also has an in-situ variable contrast aperture and the stigmator/deflector 
makes a PEEM system ideal for laboratory and synchrotron applications. In contrast to a SEM, 
PEEM does not use a scanned probe beam; instead, it allows a flood beam to uniformly illuminate 
the sample surface by, far-UV light (PEEM) or X-rays (XPEEM). This way, the high-power beam-
induced damage or a strong photo-chemistry reaction on the surface can be avoided. The magnified 
image of the surface can be observed almost immediately and can be monitored in real-time (it is 





In terms of its parallel image acquisition, the basic principle of operation is similar to an optical 
microscope. However, since electrons are used for imaging, the resolution is no longer limited by 
the wavelength of a photon beam, but rather to the much smaller electron wavelength. Thus, a 
strong electrostatic field between the sample and the objective lens accelerates the electrons 
released to energies of typically 10 to 15 keV. A lateral resolution of up to 20 nm can be achieved. 
For more details, see Ref. [24]. 
Due to their similarity in focusing and collecting process, a PEEM system usually can be 
integrated with LEED and LEEM, for example, in a SPELEEM system. In biology, it is called 
photoelectron microscopy (PEM), which fits with photoelectron spectroscopy (PES), transmission 
electron microscopy (TEM), and scanning electron microscopy (SEM). 
In our application, we use the PEEM in the SPELEEM system in BNL and Elettra [3]. The 
electron optical configuration is the same as in LEEM, but the energy slit is inserted in the 
dispersive plane of the analyzer to act as a band-pass filter to the photoelectron beam. The energy 
filter is used to select the kinetic energy of photoelectrons, which allows measurement of the 
binding energies of emission form atom core-levels or accessing the electronic structure of the 
occupied states, including surface states and resonances. The PEEM probe intensity is proportional 
to the number of emitters in the top-most layers and thus provides straightforward and quantitative 
information about the surface chemical composition. If the PEEM from a beamline of a 
synchrotron radiation is operated at X-ray energy range (400eV-2000eV, by choosing the 
corresponding gratings and the monochromator), it is called XPEEM and can be used to imaging 





core level energy. For example, one can use XPEEM to understand molecule deposition on a 
surface and monitoring its growth rate or coverage. 
2.4.5 Two Photon Photoemission 
Although ARPES, especially when combined with a SPELEEM system, is extremely 
powerful, it can only be used to access occupied states. In order to access unoccupied states, 
inverse photoemission (IPE), using electron capture, is employed to probe the unoccupied valence 
bands [25][26][27]. One can use two-photon photoemission (2PPE) [28][29][30][31][32], to probe 
the unoccupied states, or say, intermediate states that located between the Fermi and vacuum level 
(i.e. in the “forbidden zone” of an ideal band structure of bulk material). In our research scenario, 
we focus on surface chemisorption, surface dipoles, and interlayer charge transfer. Thus, we use 
2PPE that allows us to investigate unoccupied electronic states of molecules or thin-film deposited 
on highly crystalline metal surface.  
In this thesis, we study the unoccupied states and interlayer interaction in self-assembly 
molecule-metal interfaces and a monolayer semi-metal (graphene)–metal systems using 2PPE. 
These unoccupied state can be interlayer states, image potential states, or surface relaxation states. 
2PPE is sensitive to surface-excited electron structure changes that accompany surface chemical 
reactions. Our 2PPE system uses a femtosecond-pulse laser that is capable of studying ultrafast 
relaxation of hot carriers in bulk metals and semiconductors, the spin dynamics of magnetic 
materials, lifetimes of adsorbate-induced or adsorbate-modified electronic states, and real-time 






Figure 2.16 (Left) Two-photon photoemission, where one photon is used to pump a previously 
empty state and a second photon photo-emits an electron from this intermediate state that has a 
short lifetime. (Right) An example of using 2PPE to probe the surface state and image state of a 
Cu(111) surface. The band structure is determined by detecting angle (momentum) and 
photoelectron energy.  
The basic scheme of a 2PPE process is sketched in Figure 2.16 (left). The first step is the 
photoemission of electrons going from one of the occupied bulk state or surface states in the 
crystal, into a surface Rydberg state. The second step is to excite electrons from the excited surface 
Rydberg state by absorption of a second photon to gain enough energy to enter vacuum level. Note 
that the second photoemission can either use the same photon energy (monochromatic) or a 
different photon energy (bichromatic) than in the first excitation. The kinetic energy and the 
angular direction of the photo-emitted electrons are measured to obtain information of the 
bands/surface states. Because of the states having short life-times (~10-100 femto-second), pulsed 





time-resolved measurements. If the first pulse has a different energy than the second pulse 
(bichromatic 2PPE), a time delay can be set between the pump and probe pulses to measure 
ultrafast dynamics of the surface states.  
In 2PPE, the first (pump) laser pulse with photon energy hν1 populates the electrons into 
an unoccupied state |i>, while the second (probe) laser pulse with photon energy hν2 photo-emits 
the electrons above the vacuum level; the hν1 is intentionally kept below material work function 
such that a direct one-step photoemission will not happen. Also, at the output energy spectrum, 
there will be first a strong energy peak that correspond to directly excited secondary electrons, 
from states with energy hν1 or electron-phonon interactions. The kinetic energy of the 
photoelectron: 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 =  ℎ𝜈2– 𝐸𝑏  provides a straightforward means to determine the binding 
energy Eb of the unoccupied state with respect to the vacuum level. Since the process is, by 
definition, a second-order process, high photon fluxes are required in order to acquire a good 
signal-to-noise ratio. Additionally, low photon energies are needed for the pump pulse since the 
total energy of the pump must be less than the work function to avoid ejecting electrons directly 






Figure 2.17 Schematic diagram of 2PPE laser setup, optical paths, and UHV chamber setup. 
2.4.6 Experimental Setup for 2PPE with Femtosecond Laser System 
The 2PPE system used in our experimental setup, as shown in Figure 2.17, is powered by 
a customized laser system with an ultrafast Ti:Sapphire pulse source (Coherent Rega 9000, 
250kHz rep. rate), the pulses of which are amplified in a regenerative amplifier, and then used to 
drive an optical parametric amplifier (Coherent OPA 9400) to provide a tunable source of visible 
light. This output is then converted to UV wavelengths by second harmonic-generation in a 1 mm 
type I BBO crystal, thus producing a train of tunable UV femtosecond (fs) pulses. The UV pulses 
are again compressed by another prism pair (UV-grade silica) to make it a short-pulsed laser 
source, before arriving the sample in the UHV chamber. The range of available wavelengths is ~ 
340 - 250 nm, which corresponds to a photon energy range of ~ 3.6 – 4.8 eV. The laser has a 250 
kHz repetition rate and produces pulses with total energies of the order of 1 nJ; while being focused 
upon the sample, it generates a maximum fluence of ~10µJ/cm2. The UV wavelength is determined 





20 meV error in the UV photon energy. Most of our measurements were carried using the above 
settings. For certain 2PPE experiments, the remnant ~400nm laser from our OPA is used as a probe 
source.  
When operating in bichromatic mode, the fundamental laser pulse of wavelength ~800nm 
is used and is divided by a beam splitter into two pulses. The pulse with higher intensity is directed 
to the OPA, and will be used to generate a UV pulse following the previously-mentioned process, 
with a selected photon energy. Another pulse with lower intensity with near-infrared (NIR) pulse 
is compressed by a prism pair (material: SF10), with pulse duration ~50 fs measured by our 
autocorrelation measurement. Notice that the pulse split from the source is only 2-3% of the total 
power of the amplifier, such that it does not affect the OPA output. This NIR pulse is then directed 
to a retro-reflector built from a set of mirrors on a motorized translational stage with minimum 
step size of 0.1µm for time-delay control. The stage is controlled by a LabVIEW program via a 
MM2000 GPIB interface. The NIR pulses will then go through an optimization procedure by using 
a telescope to compress the beam size, and then the pulses will be directed back to the same path 
by a dichroic mirror. Later, the NIR pulses will be made temporally and spatially overlapping with 
the previously split-out UV pulses, and this combined beam will be focused at the sample surface 
to perform bichromatic 2PPE measurements. The overlapping of the UV and NIR pulses was 
examined by a cross-correlation setup built with another type-I BBO crystal for difference 
frequency mixing. A neutral density filter is installed to control the intensity of the UV pulses to 







Figure 2.18 (a)-(c) A look inside the 2PPE chamber’s top lid, equipped with (a) a detector box, (b) 
a MCP detector, and (c) a rotational stage. (d) A hosting UHV chamber. The front laser entrance 
window. (e) Control units: (Top-down) customized high-current supply PCB control unit, electron 
energy analyzer, ion-gun controller, high-voltage power-supply, and sample DC bias power-
supply. 
Photoemission-excited photoelectrons are collected using a 160° (36.5-mm radius) 
spherical-sector energy analyzer (Comstock ES-101) with a microchannel plate (MCP). The 
energy analyzer has an acceptor cone that yields a momentum resolution of k|| = 0.03Å
-1 and an 
energy resolution of ~60 meV (a value greater than the energy resolution limit of the short optical 
pulse of ~20 meV bandwidth.) A high-voltage power supply (Bertan Associates Inc’s model 215) 
is connected to the MCP. The MCP with electron detector and the sample holder is fixed on 
independently-rotatable parts of the chamber; these parts are pumped separately via differential 
stages by roughing and turbo pumps. The incident angle of the laser is fixed at 70° and the angular 





position, an indicator laser (Uniphase He-Ne laser) was used. The sample is biased at -4eV to 
reduce the stray electric-field effect and other electron scattering to improve the signal-to-noise 
ratio. The signal received at the detector/MCP end is further amplified by a pre-amplifier (EG&G 
Ortec VT120) and then goes to a Comstock ES-101 electron analyzer, which is controlled by the 
afore-mentioned computer. Figure 2.18 shows some of the apparatus including the MCP and the 
rotational stage. 
2.5 Sample Preparation 
 
Figure 2.19 An illustrative procedure of the Scotch-tape-based micromechanical cleavage of 
HOPG. A single layer of graphene is detected on a SiO2/Si substrate to have high optical contrast. 
This technique applies to the preparation of other 2D materials such as MoS2 and WSe2. This figure 





2.5.1 Preparation of 2D Layered Material 
Mechanical exfoliation gave birth to the first large-scale graphene flake and yielded the 
Nobel prize for Physics in 2010 for its founders and important contributors, i.e. Novoselov, Geim, 
and P. Kim. This idea was conceived by the so-called micromechanical cleavage of HOPG (Highly 
Ordered Pyrolytic Graphite) in 2004. Since graphite is a layered material with strong intralayer 
interaction but very weak interlayer bonding, applying a shear force is possible to peel layers of 
graphite and leave a clean, crystalline surface. Yet, the “game changer” to produce high purity 
graphene comes into play when the famous “Scotch tape method” was introduced in 2004 by 
Novoselov and Geim [34], as shown in Figure 2.19. In this micromechanical exfoliation method, 
graphene is detached from a graphite crystal using a 3M “Magic tape” with limited adhesiveness 
and residues. One must first lay down clean sample of high purity “kish graphite” (Toshiba 
Ceramics), and carefully stamp on a section of the tape. After peeling it off the graphite, multiple-
layer graphene remains on the tape. By repeated peeling off and stamping on the multiple-layer 
graphene/ore to increase its coverage on the tape, the graphite will be cleaved into various thin 
flakes. Later, the tape is attached to the substrate, which is often time a silicon substrate with 
285nm SiO2 providing the best optical contrast to see the thin flakes, due to interference effect 
[35]. To remove the tape, one either clean the sample to dissolve the residues from the tape, i.e. 
glue, by acetone, or carefully peel off the sample from the tape, to finish the exfoliation. The flakes 
generated this way exhibit different size and thickness, and range in size from nanometers to 
several tens of micrometers. This method has been proven to be simple yet powerful. The as-
exfoliated graphene are clean and of very high quality (also depending on the purity of the kish 





properties such as graphene, MoS2, WSe2, and many others, samples prepared via mechanical 
exfoliation are ideal for optical and photoemission measurement. However, to really fully exploit 
its potential for industrial applications, large-area mass production methods are required. 
Thus, chemical vapor deposition (CVD), a chemical process used to produce high quality, 
high-performance, solid materials, has also been introduced to prepare 2D materials. The CVD 
process is a commonly used technique in the semiconductor industry to produce thin films. In a 
typical CVD process, the wafer (substrate) is exposed to one or more volatile precursors, which 
react and/or decompose on the substrate surface to produce the desired thin-film constituents. 
Frequently, volatile by-products are also produced, which are removed by gas flow through the 
reaction chamber. Also, CVD is widely used in microfabrication processes to deposit materials in 
various forms, including: monocrystalline, polycrystalline, amorphous, and epitaxial.  
In our experiment, we use CVD-grown MoS2 and graphene for various applications. To 
obtain high-quality monolayer MoS2 flakes, a specific CVD-growth technique [36] was adapted 
using Si substrates with a 285nm-thick thermal oxide. The substrates were first cleaned by Piranha 
solution and O2 plasma etching (5 min). The growth used a solid-source transport approach, with 
samples mounted upside-down above the Mo-source crucible. MoO3 and sulfur were used as solid 
precursors in separate crucibles, with the furnace temperature ramped to 700oC in an N2-filled 
environment under laminar flow condition. More detailed temperature ramp/precursor flow steps 
are described in the supplementary materials in Ref. [36]. Transferred CVD MoS2 islands were 





details regarding the transfer process is in the following session. Post transfer cleaning was done 
in an Ar-N2 flowing furnace at a temperature of 200
 oC for five hours.  
Note that to examine the quality and thickness of the MoS2 or graphene flakes, Raman 
spectroscopy and photoluminescence (PL) were used to determine the layer number of layered 2D 
materials in each exfoliated flake or CVD single crystal. Separate PL experiments also provided 
information about the electronic structure and quality. In this thesis, the Raman and PL 
measurements were accomplished using a Renishaw InVia Raman Microscope with a 532nm laser 
and an 1800 lines/mm grating. The laser power was 100µW and the collection time was 20 
seconds. The layer number of MoS2, WSe2, or graphene flakes was determined via Raman phonon 
modes E2g and A1g, PL, AFM, and optical-contrast analysis all together. 
2.5.2 Review on Transfer Techniques 
In order to manipulate the as-grown CVD flakes or as-exfoliated thin films, several transfer 
techniques were introduced in our work. This section will briefly discuss the two major transfer 
techniques that we used – the wet and the dry transfer using solvents, etchants, and polymers. A 
wet-transfer technique using PMMA polymer was first introduced in response to the need to use a 
different substrate, native-oxide Si, other than the typical 285nm SiO2/Si chip. In this thesis, we 
started with using exfoliated MoS2 samples prepared by mechanical exfoliation on a clean 285nm-
thick SiO2/Si substrate. Due to the insulating nature of SiO2, the exfoliated MoS2 flakes were 
grounded via thermally deposited Au/Cr contacts, which were patterned using TEM grids as 
shadow masks. The metal contacts for the small flake MoS2 i.e., < 5µm, can provide enough 





photoemission process. This approach also depends heavily on sample and contact geometry. 
However, in ARPES measurements, with MoS2 flakes of size 10µm+, the metal contacts do not 
allow good electrical contact with the sample ground. Therefore, an alternative sample preparation 
method was needed. 
Our alternative approach was a wet-transfer process. This method involves exfoliated 
samples and used the following procedure: first, MoS2 flakes were exfoliated on a Si chip covered 
with a sacrificial organic-thin-film transfer layer [23] in order to transfer onto the lithography-
patterned-metal Si substrate. The transfer layer here was prepared by spin-coating a layer of 5% 
Polyvinyl alcohol (PVA) aqueous solution onto a clean Si substrate and with another poly (methyl 
methacrylate) (PMMA) layer on top. This sample was then annealed at 130oC for two minutes to 
form an overall 280nm-thick layer. Note that this transfer layer had the same optical sample 
visibility as the 285nm SiO2. The thickness of the MoS2 flakes were exfoliated and then 
characterized using optical contrast microscopy [38] and Raman spectroscopy [39], the same 
procedure as preparing them on a typical SiO2/Si chip. Subsequently, the samples were gently 
rinsed in distilled water to dissolve the PVA layer, leaving the PMMA layer with MoS2 flakes 
suspended on top of the solvent. After removal from the solution, the film samples were left to dry 
overnight on a metal scoop and were suspended. Later, the film samples were placed carefully on 
the target substrate (native-oxide Si chip in this case) and were aligned with the help of a long-
focus microscope on a transfer stage (a customized 3 axis stage for transport measurement.) 
Additional annealing at 160oC released the MoS2 flakes on the desired substrate. Later, samples 





For CVD-prepared sample, we used an etch-assisted transfer process as follows: PMMA 
layer were spin-coated onto CVD MoS2 flakes on SiO2/Si chips at 4000 r.p.m. for 60 s to form 50-
nm-thick layers. The chips were floated on 1 M KOH to remove the silicon oxide epi-layer, causing 
the chips to fall off, and leaving the polymer and MoS2-coated polymer membrane floating on the 
liquid surface. The membrane was then transferred to a deionized water, washed several times, 
and then was scooped onto a TEM grid to left dry. The TEM grids with MoS2 was baked in UHV 
condition at 350 °C for 1 hours or then baked in an atmospheric pressure Ar/H2 gas flow for 
4 hours to remove PMMA. Before atomic-resolution imaging or any opical/electronic 
spectroscopy measurement, then sample were baked overnight in an UHV chamber at 350 °C. 
Note that the CVD sample prepared this way was inevitably suffered certain degree of 
contamination or surface residues, and thus, the quality was degraded. Also, the wet-transfer 
process sometimes also induced wrinkles and folding in the MoS2 flakes. 
In an attempt to ease the above mentioned drawbacks of a wet transfer process, a dry 
transfer technique was developed as follows: first, CVD-grown MoS2 on SiO2/Si was attached 
with a polydimethylsiloxane (PDMS) stamp pressed onto the MoS2 surface so as to support the 
flakes and protect the surface. The chip was carefully laid afloat on the 1M KOH solution surface 
(MoS2 side facing up) to etch away the SiO2 epi-layer, causing the chips to fall off, and leaving 
the PDMS/MoS2 stack in solution. Later, the stack was rinsed with DI water, left dried for a day, 
and stamped onto the target substrate. With low heating (30-40 °C), the PDMS layer was removed 
mechanically and the MoS2 in vacuum desiccator for a day. However, note that even though the 
dry-transfer method provided a cleaner sample surface, the PDMS used in the method still left 





Therefore, a substitute of the PDMS, cellulose acetate butyrate (CAB) polymer, was 
introduced in the later stage of our experiments. The transfer process then worked as follows: first, 
the CAB was spin-coated on the MoS2 chip. The CAB/MoS2 stack was then stamped on a native-
oxide Si substrate or substrate of one’s like. The whole chip was then immersed in acetone to 
dissolve the CAB layer, rinsed in DI water, and finally dried in vacuum desiccator to complete the 
transfer. CAB was used because it has generally a strong bond to 2D materials, so it is ideal for 
picking up flakes. Depending on the type of 2D materials, CAB polymer was used to complete the 
transfer process. Also, the use of CAB polymer provides a new way to pick and stack a multilayer 
heterostructures.  
2.5.3 Cu(111) and Ir(111) Substrate Preparation 
In our molecule/metal or graphene/metal model systems, a high-purity (99.999% purity) 
single-crystal copper or iridium sample of 1.2-cm diameter disk was used and cut to the desired 
(111) orientations of the crystal. In our experiment, one disk of our choice was bounded along the 
pre-engraved side trench by a Ta (Omega, 0.01 inch) wire that connected to two electrodes outside 
the chamber. The sample was thus connected via the electrodes to a power supply for resistive 
heating. The sample was then placed into a UHV chamber (base pressure less than 2 x 10-10 Torr) 
equipped with an ion sputtering gun, a low-energy electron diffraction (LEED) instrument, a 
quadrupole mass spectrometer (QMS), and a spherical-sector electron-energy analyzer. Also, to 
measure the temperature, a K-type thermos-couple (Omega. 0.03 inch chromel and alumel hybrid) 
was placed at the side of the copper or iridium substrate with UHV-compatible glue, and was 





 The sample was cleaned by several sputtering-annealing clean cycles. A cycle includes 
Ar+-sputtering at 1.5 keV for 20 min, and subsequent annealing to 500~700 °C. For iridium, the 
annealing temperature required is 850-1150 °C, such that an electron beam heating were prepared 
using a customized tungsten filament and high voltage source.  Each sample-preparation cycle was 
repeated until sharp LEED spots are observed. For a freshly installed sample, 8-10 times of the 
cleaning cycle were advised. Otherwise, to remove molecules or CVD graphene thin-film to reset 
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Substrate-Dependent Long-Range Surface Structure of Single-Layer 
and Multilayer MoS2 – A Low-Energy Electron Microscopy and 
Microprobe Diffraction Study 
“The beginning is the most important part of the work.”- Plato, The Republic 
This chapter tells how our journey toward understanding MoS2 and other TMDCs began. 
First, the long-range surface structure of the dichalcogenide MoS2 was probed with nanometer-
length spatial resolution using LEEM and µ-LEED. The quality of two differently prepared types 
of MoS2, single-layer and multilayer exfoliated crystals, as well as single-layer CVD-grown 
crystals, was examined. The effects induced by a supporting interface were examined by utilizing 
two different substrates, SiO2 and native-oxide-covered Si. In addition, the role of impurities was 
also studied by way of in situ deposition of the alkali-metal potassium. Microprobe measurements 
revealed that, unlike exfoliated MoS2, CVD-grown MoS2 may, in some instances, exhibit large-
scale grain-boundary alterations due to the presence of surface strain during growth. However, 
real-space probing by LEEM in conjunction with k-space probing by µ-LEED shows that the 
quality of CVD-grown MoS2 can be comparable to that of exfoliated MoS2. In short, the work 






Single-layer MoS2 is a metal dichalcogenide two-dimensional crystal, that has emerged as 
a representative of a new class of materials with distinctive physical [1], electronic [2][3][4][5][6] 
and optical [8][9][10][11][12] properties. Due to its semiconducting [7][8] nature and large 
intrinsic optical direct bandgap of 1.8 eV [7], monolayer (ML) MoS2 is ideal for potential 
applications in nano-optoelectronics and energy harvesting. Recent studies in controlling dynamic 
valley-spin polarization in ML MoS2 films [9][10][11] also suggest initial exploration of spintronic 
applications. Finally, various forms of MoS2 such as nanotubes [13], nanoparticles [14] and 
monolayer films [15][16] have been explored. However, while extensive research has been 
performed on preparation of carbon-based materials, including monolayer graphene, studies on the 
crystal growth of monolayer MoS2 are relatively sparse. Among the existing studies, it has been 
demonstrated that polycrystalline monolayer MoS2 can be grown via solid-source chemical vapor 
deposition (CVD) [16][18][19][20][21][22], allowing its use in thin-film micro-device 
applications. Recently, the Hone Group and their collaborators have shown that it is possible to 
grow high-quality, ML-thick-crystals of MoS2 with typical sizes of a few hundreds of micrometers, 
which have optical and transport properties comparable to those of exfoliated MoS2 [21]. In short, 
these developments suggest single-layer MoS2, including now CVD-grown material, as an ideal 
candidate for building atomically thin-layered electronic [23][24][25], optical [7][26], and 
photovoltaic [27]devices. 
Despite the promise of this relatively available two-dimensional (2D) material, its 





exclusive use of a thick oxide as the supporting substrate has been important in order to allow 
optical microscopic characterization of the 2D material. Hence, to the best of our knowledge, this 
has prohibited studies of this material on other surfaces, and it has precluded the discovery of 
potentially rich interface interactions that may exist between a 2D dichalcogenide, such as MoS2, 
and its supporting substrate. In order to study monolayer MoS2 on other substrates other than thick 
oxides, it would be ideal for an investigative technique to possess the following three imaging 
modalities: (1) real-space microscopy which would allow locating of MoS2 samples, (2) spatially-
resolved diffraction which would allow confirmation of crystalline quality and domain orientation 
of MoS2 samples, and, (3) spatially-resolved spectroscopy, which would allow electronic structure 
mapping of MoS2 samples. In this work, we use electron microprobes in an ultrahigh vacuum 
(UHV) environment to achieve the first two desired imaging modalities on MoS2 and discuss new 
insights into MoS2 materials that are afforded by this technique.  
Specifically, this study has characterized and probed mono- and multi-layer exfoliated 
MoS2 and monolayer CVD-grown MoS2 using a high-resolution direct imaging instrument: viz. a 
spectroscopic photoemission and low-energy electron microscope (SPE-LEEM) [27][28], which 
is capable of carrying out structural and spectroscopic analysis of the sample at the nanometer 
scale [29][30][31]. Our studies provide information about the surface corrugation and crystalline 
structure of the ultrathin films under investigation. Our measurements were carried out on two 
different substrates: thermally-oxidized 285nm thick SiO2/Si wafers and a Si wafer with a thin 
native SiO2 film. Our results complement earlier optical studies, done using Raman and 
photoluminescence (PL) measurements [7][8][16]-[21]. Furthermore, in order to tune the Fermi 





dosing. Note that this doping is done in situ, thus allowing the surface morphology and structure 
to be examined by LEEM and microprobe low-energy electron diffraction (µ-LEED) in the 
presence or absence of doping. A comparative analysis of the results obtained from MoS2 samples 
fabricated with different methods and on different substrates provides understanding of the 
properties and qualities of CVD-grown MoS2, and sheds light on potential applications of 
monolayer CVD MoS2 for improved electronic and optical devices, and on two-dimensional 
conjoined materials, such as heterojunctions with graphene [25][33][34] and other 2D materials. 
3.2 Experimental Methods  
The samples examined here were either mechanically exfoliated or prepared by CVD 
growth on a high-quality SiO2/Si substrate, as first described in Ref. [21], and they were examined 
on the growth substrate or transferred onto Si substrates, with thermally grown or native-oxide 
overlayers, using sacrificial polymer layers [36]. The samples were then annealed at 350 oC under 
a laminar flow of N2/Ar to complete the transfer procedure. Prior to SPE-LEEM experiments, the 
samples were degassed at 350 oC for several hours under UHV conditions. In certain experiments, 
the samples were surface-doped with different levels of potassium while in the LEEM chamber 








3.3 Experiment Results: A. Calibration Experiments on Exfoliated MoS2 
3.3.1 LEEM on SiO2-Supported Exfoliated MoS2 
LEEM measurements were first carried out on mechanically exfoliated MoS2 flakes 
prepared ex situ on a silicon wafer with a 285-nm-thick SiO2 overlayer. Since LEEM imposes a 
relatively large incident electron flux of 5x108 sec-1 µm-2 onto samples with areas of 20 - 50 µm2, 
preventing or reducing charging of the sample was necessary to perform LEEM measurements. 
The low mobility of ML dichalcogenide systems, especially MoS2 [37][38], makes this charging 
issue even more severe. Thus developing a strategy for eliminating charging was a major 
experimental necessity. Our initial approach was to bring MoS2 islands into contact with a 
uniform-potential metallic plane by employing Au grids, which were in electrical contact with the 
local instrument “ground”. This approach was realized by using transmission electron microscopy 
(TEM) grids as shadow masks to create thermally evaporated Au/Cr/Al, 40/5/10 nm-thick, metal 
contacts on MoS2 islands, as shown in Figure 3.1 (a) and (b). Note that in Figure 3.1 (b) the profile 
of the MoS2 sample buried under the contacts can be clearly seen via reflectivity differences 
between the contacts and the MoS2 in this LEEM image. Despite this “grounding” grid, local 
charging of the sample effectively prevented LEEM under continuous electron beam illumination. 
The very low mobility of MoS2 (<10 cm
2/V-s) [37] prevents compensation of the charge that 
accumulates in the thick SiO2 when it is irradiated with electrons in LEEM. In other words, the 
flux of incoming charges is much larger than the out-going flux which is conducted to ground by 
metal contacts. Charging was present over a wide range of grid spacings (5 - 30µm) and contact 





1ML and 2ML regions, the boundaries between the two regions, as well as the edges of the MoS2 
sample in contact with the metal, became blurry after extended (> 5min) exposure to the LEEM 
electron beam. In an attempt to inhibit charging, potassium deposition was tried; however, this 
proved ineffective. Note however that in the case of µ-LEED measurements, the incident electron 
energy was much higher (20 - 100eV) than in the case of LEEM. This higher energy range led to 
a reduction in surface charging due, in part, to a higher secondary electron yield which helped to 
balance the incident electron flux. Thus, in this case, it was found that a Au grid was then sufficient 






Figure 3.1 Exfoliated MoS2 on SiO2 and Si (a) Optical microscope image of an exfoliated 1 - 2ML 
MoS2 flake on SiO2, with both its top and bottom side contacted. The bright areas correspond to 
Au/Cr/Al contacts. (b) LEEM image of the same sample. At an electron energy of 0.9eV, the MoS2 
beneath the metal contacts can be clearly seen. (c) Illustration of the transfer process of exfoliated 
MoS2. The PMMA film with exfoliated in situ and bonded per se MoS2 thin flakes is “scooped 
up” and stamped on a substrate of interest. (d) Optical microscope image of an exfoliated mixed 
layer flake on SiO2, before transfer; and (e) after transfer to Si and probed by MEM imaging 
(0.08eV). (f) LEEM image (5eV) after removal of background signal; (g) MEM image (0.08eV) 
after K doping. (h)-(k) µ-LEED patterns at 48eV electron energy on exfoliated MoS2 1 - 4ML post 
transfer to Si. For samples with thicknesses >1ML, the LEED signal quality is akin to that of a 
bulk crystal. Also, the LEED (00) spot width decreases with increasing layer number. (l) Full width 
at half maximum (FWHM) of the (00) LEED spot for 1 - 4ML MoS2 flakes relative to that of bulk, 
measured at 20, 30, and 40eV. The inset shows the extracted decay rate of the FWHM with 
increasing layer number as a function of electron energy. 
By using a short-duration (3 - 5min) LEEM electron exposure before the full onset of 
charging, measurements of a metal-grid-covered MoS2 surface were possible. These 
measurements showed a relatively defect-free surface structure, as compared to the speckled 
appearance of graphene on SiO2 [39]. In Figure 3.1 (b), the LEEM measurement shows that the 
image distortion happens mostly on the borders of MoS2, with SiO2 and with Au, as a result of 
charge accumulation. This gives an idea of charge-transfer dynamics in insulator/dichalcogenide 
and metal/dichalcogenide systems, and the opens the possibility of studying it more extensively 





3.3.2 LEEM on Si-Supported Exfoliated MoS2 
In order to improve the quality of our LEEM measurements, an alternate approach was 
used, namely transfer of the sample to a Si substrate covered only by a native-oxide layer. A similar 
approach has been reported previously for imaging ML-thick organic materials of low mobility, 
i.e., using a conductive substrate so as to provide a large-area channel for charge dissipation [40] 
in an effort to balance the huge incoming flux of charge from LEEM. The transfer process is 
illustrated in Figure 3.1 (c). While use of this native-oxide-covered substrate entailed a more 
complex sample preparation procedure, tunneling through this thin oxide from the MoS2 sample 
was found to be effective in preventing charging. However, the thin-native oxide, typically of ~10 
Å  thickness was too thin to allow sufficient optical contrast for easy optical examination of the 
MoS2 thin films. Thus a Si sample with a standard 300nm-thickness-oxide overlayer was used for 
exfoliation and initial sample handling followed by transfer of the MoS2 to a separate native-oxide-
covered Si substrate for LEEM imaging of the sample. Figures 1d and 1e show examples of optical 
and LEEM images of a MoS2 flake before (Figure 3.1 (d)) and after (Figure 3.1 (e)) transfer. It is 
clear from the sharp image resolution that this approach prevented significant charging of the MoS2 
flake. In addition, LEEM imaging was relatively uniform across the surface, except near the flake 
edges. In our LEEM imaging, the electron energies were chosen to obtain good contrast between 
laterally adjacent MoS2 samples of different thicknesses. Note that removal of electronic-detector-
screen artifacts and background signal, by background subtraction of a scaled background image, 
also improved the image contrast, as shown in Figure 3.1 (f). Finally, as in the SiO2-substrate-
supported case, LEEM measurements of MoS2 were performed after deposition of potassium; see 





improved by the presence of potassium, and as expected, an overall lowering of the work function 
also occurred. Note that the changes in local work function can be calibrated and measured by 
mirror electron microscopy (MEM) [41][42][43] via changes in the electron reflectivity [44].  
Thus our results show that a doped Si substrate, even in the presence of a native oxide, can 
ground typical MoS2 samples such that long-time-scale low-energy electron microscopy can be 
used for high-resolution imaging of MoS2. In addition, our results show that potassium deposition 
enables enhancement of the imaging of surface structure down to ~0.5 µm size. This appears to be 
due to preferential nucleation of potassium at defect sites, as supported below in our measurements 
of potassium-dosed CVD grown MoS2. More generally, this procedure serves as a useful method 
to enhance the imaging and diagnostic capability of LEEM.  
3.3.3 Potassium Deposition 
On both exfoliated and CVD-grown samples, we deposited potassium in situ in the UHV 
chamber of the LEEM/MEM/PEEM system using a commercial (SAES Getters) alkali-metal 
dispenser as a source. The temporal variation of the potassium surface concentration could be 
monitored using MEM imaging, or the so-called “LEEM Mirror mode”,[41][42][42] in which reflected 
electrons from the surface were collected at a frame rate of 10 s-1. In MEM, when the imaging 
electrons have energies lower than the mirror potential value, they are reflected back before 
reaching the sample surface, resulting in high intensity in the corresponding MEM image. At 
energies corresponding to a mirror potential, the electrons just reach the sample surface, and the 
reflected or backscattered intensity is the lowest. Changes in the apparent mirror potential (changes 





directly correspond to the shift in the effective surface potential. Such potential shift towards lower 
value is regarded as corresponding to lowering of the work function of the surface. 
3.3.4 LEED on Si-Supported Exfoliated MoS2 
The crystal quality and orientation of our 2D materials were probed in reciprocal space 
using µ-LEED. Initial experimentation showed that an atomically flat, single-domain crystal flake 
with an area of > 10 × 10 µm2 was needed to obtain a sharp LEED pattern. Using samples that 
conformed to these criteria, LEED measurements were performed on “stand-alone” 1-4ML 
islands, along with a thin bulk MoS2 flake, shown in Figure 3.1 (h)-(k). Note that for a MoS2 
sample with a layer thickness greater than 1ML, the LEED pattern was almost as sharp as that 
from bulk MoS2. The mean free path for 48eV electrons, used in Figure 3.1, is 5.17 Å  [45][46], 
which is comparable to the thickness of 1ML MoS2; this suggests that LEED spot broadening 
observed for 1ML MoS2 (Figure 3.1 (h)) is, in part, due to scattering from the substrate. With 
increasing MoS2 thickness, this scattering contribution would be expected to decrease, as is indeed 
shown in Figure 3.1 (i)-(k). Our observations of the width of the specular (00) LEED spot support 
this assertion, and show that background scattering from the substrate is diminished for > 2ML 
MoS2. Spot-width broadening may also be due to subtracted-induced roughness, in which the 
corrugation of the MoS2 conforms to the corrugation of the underlying substrate, as is the case in 
monolayer graphene [39]. However, monolayer MoS2 is much thicker (three atomic layers) than 
graphene (one atomic layer), and is expected to be much more rigid; the elastic bending modulus 
of MoS2 is calculated to be 9.61 eV, which is much larger than that of graphene, i.e. 1.4 eV [47]. 





graphene, though we cannot completely rule it out. While beyond the scope of the discussions 
here, we note that an electron-energy-dependent LEED spot-width analysis, which takes into 
account the different contributions from Mo and S atoms, could provide important information 
regarding corrugation in monolayer and multi-layerMoS2 [39][48].  
To summarize, our surface-sensitive reciprocal-space measurements reveal single-crystal 
MoS2 after transfer, which complements and verifies the above real-space LEEM measurements. 
Analysis of the width of the (00) spot reveals a monotonic decrease with thickness, which is 
attributed to a decrease in the scattering of low-energy electrons by the underlying SiO2/Si 
substrate.  
3.4 Experimental Results: B. Experiments on CVD-Grown MoS2 
The procedures required for successful LEEM imaging of exfoliated MoS2, discussed 
above, allowed us to carry out LEEM measurements on CVD MoS2 islands grown on SiO2 
substrates. The growth of CVD MoS2 on SiO2 has recently been shown to result in the growth of 
2D islands with a well-defined set of shapes. One particularly distinctive and prevalent geometry 
is a ML-thick triangle, with two different types of edge termination [21]; another frequently 
observed shape is that of a ML hexagram (Figure 3.2 (a)-(c)). The triangular-shaped MoS2 islands 
are single-domain crystals [21], and exhibit only a slight deformation at the center and at the edge. 
The six-point star-shaped islands, on the other hand, exhibit centrosymmetric, cyclic, mirror-twin 






Figure 3.2 CVD MoS2 on SiO2 (a), (d) LEEM image of CVD multi-domain MoS2 stars on SiO2. 
In (a), two stars to the left were grounded by Au/Cr/Al contacts, as shown in the optical microscopy 
inset. As can be seen, however, the persistent onset of charging quickly leads to blurring of the 
LEEM images. The star to the right which are not connected to the contacts, i.e. is not grounded, 
and shows weak contrast difference (except for its perimeter) compared to the SiO2 background. 
(b), (e) LEEM images after potassium deposition. Potassium deposition enhances the conductivity 
of the gold-contacted MoS2 and lowers its work-function. It also enhances the contrast of the MoS2 
islands and their sulfur-terminated grain boundaries, revealing a vein-like structure that extends 
out to the grain boundaries. The yellow dashed lines indicate the grain boundaries that separate 





mapping of an asymmetric multi-domain CVD MoS2 island of comparable size to that of the star 
in (d) (no potassium doping). This image shows that the vein-like structure is not due to potassium 
doping but is rather a unique feature of CVD MoS2 grow on SiO2. The electron energies used in 
LEEM are (a)-(c) 0.84 eV and (d)-(e) 0.06 eV. 
3.4.1 LEEM on SiO2 Supported CVD MoS2 
Our growth process did not use any form of seeded or nucleated growth. Instead, the best 
growth condition was obtained with fully cleaned SiO2 substrates. The average MoS2-island size 
ranged from 1 to 100μm, and was predominantly monolayer MoS2. Most islands were uniformly 
1ML in thickness, except for a few islands that exhibited a bilayer or multilayer hexagon patch 
located in their center region. When present, this patch was no larger than about one-tenth of the 
island’s dimension. MEM images of CVD MoS2 on SiO2 are shown in Figure 3.2 (a) and 3.2 (d). 
In Figure 3.2 (d), a large MoS2 star (~50 μm from side to side) is in contact with a 10-µm-wide Au 
grid, with a line spacing of 22.5 µm. As was the case in our experiments on exfoliated MoS2 on 
SiO2, charging effects persisted even in the presence of a metal grid, with LEEM images becoming 
blurred, especially near island and contact edges during extended electron exposure. 
Potassium deposition, though ineffective in eliminating charging, was found to enhance 
the imaging of surface corrugation. Potassium was deposited until the change in the work function 
of MoS2 had saturated with respect to that of the insulating SiO2 background as monitored 
dynamically by MEM. Figure 2b shows a LEEM image of a star-shaped island after potassium 
deposition. The dark dots as marked out in Figure 3.2 (b) on the MoS2 island are due to residue 





One of the most interesting aspects of this figure is that it reveals fine leaf-vein like topography 
patterns; a more detailed image of this pattern is shown in Figure 3.2 (c) and (e). To confirm that 
the leaf-like structure was intrinsic to the MoS2 instead of being derived from potassium nucleation 
or intercalation, the amount of potassium deposited was varied; it was then found that the pattern 
persisted. However, after annealing the sample for two hours at 300 oC to remove potassium, the 
pattern was no longer visible. By increasing the doping level, the contrast between peaks and 
valleys of the leaf-like topography pattern increased, although the underlying pattern remained 
unchanged. This result shows clearly that the deposited potassium enhanced the contrast of our 
LEEM measurements for the SiO2-supported samples. To further confirm this intrinsic vein-like 
micro-structure in CVD MoS2, we performed PL mapping on a MoS2 flake of the same origin but 
without any doping. The result is shown in Figure 3.2 (f). The spatial variations of the PL intensity 
are consistent with the micro-structure observed by LEEM on potassium doped samples. One 
plausible explanation for this phenomenon is that the leaf-like pattern is formed from surface strain 
built up during the CVD process. Surface strain is known [21][22][40] to create pentagon- and 
heptagon-shaped MoS2 microstructures that are derived from hexagon MoS2 by sulfur-site 
substitutions at one of the sharing Mo sites; this microstructure, with alternating 5- or 7-fold MoS2 
rings, corresponds to the recently reported Mo-oriented dislocation found in Ref. [22]. Moreover, 
surface strain can also create an 8-4-4 type of fold of MoS2 rings as reported in Ref. [21]. 
Thus in summary, our LEEM observations show by direct imaging that the star-shaped 
crystals are multi-domain crystals, with crystal grain boundaries, that can be resolved through 
potassium doping. Though we did not perform DF-LEEM measurements here, we note that 





like surface structures, which are attributed to growth-induced strain. This observation reconciles 
photoluminescence measurements, which show similar nanostructures, albeit with lower 
resolution.  
 
Figure 3.3 CVD MoS2 on Si (a), (d) LEEM images of selected islands with star and triangular 
shapes, respectively. Sharp edges indicate they are Mo-terminated [22]. In (a), the dark lines are 
the cracks along the domain boundaries after the transfer process. (b), (e) LEEM images showing 
the islands after the first potassium doping cycle (see text); note that the reflectivity of the 
background Si substrate was raised by doping, indicating a lowered work function. Potassium 
nucleation islands (marked by the yellow arrows) form on the surface upon potassium deposition. 
The density of these islands increases with potassium deposition. (c), (f) LEEM images taken after 
potassium was removed from the surface via annealing at 160 oC for 1.5 hour and then at 350 oC 
for 15 min. This annealing reduces the density of the potassium islands and returns the work 





MoS2 adhered on a PDS layer was transferred onto a pre-patterned Si chip. (h) LEEM images with 
examples of polycrystalline MoS2 aggregates of different orientations obtained under different 
growth conditions. In this particular case, differently oriented domains of MoS2 islands intersected 
during CVD growth, and exhibited fracturing along their faceted tilt grain boundary after sample 
transfer. The electron energies used in LEEM are (a) 0.9 eV (b) 1.9 eV (c) 1 eV (d) 0.54 eV (e) 
2.1eV (f) 1 eV and (h) 0.58 eV. 
3.4.2 LEEM on Si-Supported CVD MoS2 
As mentioned above, optimal electron-probe measurements required transfer of CVD-
grown MoS2 islands from the SiO2/Si substrate to a native-oxide covered Si substrate. Details of 
the transfer process for CVD MoS2 can be found in the Supplemental Materials [36]; after transfer, 
MoS2/Si samples were annealed at 350 
oC for 12 hours under UHV prior to measurements. Figure 
3 shows LEEM measurements of the transferred MoS2 islands; these measurements examined the 
structure and quality of the transferred CVD MoS2 crystals. In Figure 3.3 (a) and (d), LEEM 
images of transferred MoS2 stars and triangles show that the transfer process was successful in 
preserving the structures originally grown prior to the transfer step. Fractures or cracks, however, 
were observed along the domain boundaries of star-shaped and other multi-domain MoS2 islands, 
as shown in Figure 3.3 (a) and (h). Given that these cracks are not seen in the pre-transferred CVD 
samples, it is assumed that that the force exerted during the stamping step of the transfer process 
led to the fracturing. In contrast, triangle-shaped islands did not display any fracturing, which may 
be explained by their single-domain nature, as confirmed by previously reported TEM 





of some of the grown crystals, μ-LEED measurements of exfoliated and CVD-grown MoS2 were 
found to show comparable crystallinity, indicating they are of similar quality. The μ-LEED 
measurements are discussed in detail below.  
Given the value of using potassium deposition to enhance topographic features in SiO2 
supported CVD MoS2, this same approach was used to investigate the possible presence of fine 
topographic features in Si supported CVD MoS2 crystals. As in the exfoliated case, potassium 
dosing led to a 1.75 eV reduction of the MoS2 work function. Unlike the case of SiO2 supported 
CVD MoS2 (see Figure 3.2), however, LEEM measurements on transferred MoS2 stars revealed a 
smooth and vein-free topography, as verified under different doses of potassium. As shown in 
Figure 3.3 (d)-(f), LEEM measurements taken after doping with a dose equivalent to that used in 
Figure 3.2 (b) and (e), revealed no fine vein structure. The absence of the vein structure is attributed 
to a release of growth-induced crystal strain during sample transfer. On the other hand, it was 
observed that potassium deposition did in some cases lead to submicron nucleation on both MoS2 
islands and the Si substrate, at sites of surface structural impurities. At room temperature and under 
UHV conditions, it has been shown that adsorbed potassium does not intercalate with bulk MoS2 
[50], unlike the case of Cs on bulk MoS2 [51], and that adsorbed potassium can be removed from 
the surface by annealing, which occurs at a temperature-dependent desorbing rate [50]. It was also 
found that adsorbed potassium forms 2D islands on bulk MoS2 at low coverage and that coverage 
can be calibrated using changes in the work function. [50] In the present case of ML MoS2, these 
potassium features nucleated preferentially around defects and/or impurities at low coverage; 





Having investigated the effects of potassium deposition, as described above, we 
investigated the ability to desorb it by subjecting the sample to different annealing treatments. 
While annealing at 100-120 oC for 70 minutes did not produce a significant change, subsequent 
annealing of the sample at 150 oC for 30 minutes decreased the density of potassium nucleation, 
as shown in Figure 3.3 (c) and 3f. In addition, LEEM measurements of a star-shaped MoS2 island 
after annealing revealed a clean crystal with well-defined edges, while in the case of a triangle-
shaped MoS2 island additional annealing at 350 
oC for 12 hours was used to obtain a cleaner 
triangle-shaped MoS2 island, with little to no evidence of potassium. Thus, potassium deposition 
appears to be a non-destructive and reversible technique for enhancing the study of monolayer 
MoS2 using electron probe based instruments.  
To summarize our observations in this section, LEEM measurements enable examination 
of the 0.5 µm-scale structure of transferred CVD grown MoS2. In addition, these measurements 
revealed occasional fracturing of multi-domain crystals, which was observed to occur along grain 
boundaries. In contrast to as-grown, CVD MoS2 supported by thick SiO2/Si, transferred CVD 
MoS2 does not exhibit a vein-like surface structure, which suggests that growth-induced strain is 
released upon transfer. As in the above cases, potassium deposition is a useful diagnostic technique 
in enhancing contrast, because it preferentially nucleates at impurity and defect sites, and as shown 






Figure 3.4 Comparison of 1ML MoS2 using μ-LEED (a)-(c) CVD MoS2 on SiO2, (d)-(f) CVD 
MoS2 transferred onto native-oxide terminated silicon, (g)-(i) exfoliated and transferred onto 
native oxide terminated silicon. (a), (d), (g) LEEM images at energy 0.06 eV, 0.46 eV, and 5 eV 
respectively. (b), (e), (h) corresponding LEED patterns at 40 eV electron energy. (c), (f), (i) LEED 
at 50 eV. The LEED pattern shows transitions between 3- and 6-fold symmetry at different electron 
energies. Also, the (00) LEED spot widths for (d) and (g) are comparable. (j) Intensity-normalized 
line profile of the (00) LEED spot of CVD and exfoliated MoS2 on Si; horizontal axis units are in 
Å -1. (k) Comparison between pre-transferred MoS2 on SiO2 and post-transferred MoS2 on Si for 
two different energies. The relative FWHM values are derived from the (00) and the first order 
spots of the CVD MoS2 divided by that of exfoliated MoS2 on the same substrate.  





The crystalline structure of CVD MoS2 was investigated using µ-LEED measurements on 
our two types of substrates, as shown in Figure 3.4. As µ-LEED is sensitive to crystal deformation 
on length scales from ~20 nm to interatomic distances, it complements real-space images by 
providing additional information about surface deformation at very short length scales, i.e. ~10 nm 
or less. Figure 3.4 (a)-(c) show measurements on one domain of an electrically contacted multi-
domain star-shaped CVD-grown crystal. LEED measurements alternated between three-fold and 
six-fold symmetric patterns with increasing electron energies [49]. The alternation between three- 
and six-fold diffraction symmetry corresponds to the LEED beam probing more than the top 
atomic layer. A complete explanation, however, would require application of LEED multi-
scattering theory over the electron probing depth, which is beyond the scope of the discussion here. 
As shown in Figure 3.4 (d)-(f), LEED patterns taken from transferred CVD MoS2 are 
identical to those from non-transferred CVD MoS2 on SiO2, except for a broadening of the spot 
widths. In the case of exfoliated MoS2, a similar broadening is present after transfer to a Si 
substrate. In order to determine if this broadening is intrinsic to MoS2 rather than extrinsic in 
nature, we undertook the following analysis. First, we analyzed the widths of the first order 
diffraction spots since these spots are derived solely from MoS2 and thus minimize any possible 
spot-width broadening originating from the underlying substrate, which would appear in the (00) 
spot. Second, we analyzed the spot widths not only for the case of a transferred exfoliated 
substrate-supported MoS2, but also for a transferred exfoliated suspended MoS2. In this case, the 
MoS2 is supported above a well, etched [39] in the Si, as shown in Figure 3.4 (g). We find similar 
spot widths for the supported and the suspended case, which leads us to attribute the spot width 





broadening is unknown at this time, given that it is apparently intrinsic to transferred MoS2, per 
the above observations, it appears to be rooted in the transfer process.  
Figure 3.4 (g)-(i) show the exfoliated, transferred-to-Si, 1ML, single-crystal MoS2, which 
served as a reference for comparison with transferred-to-Si, CVD MoS2. The LEED spot width is 
comparable for both the transferred exfoliated and the transferred CVD MoS2, indicating that the 
sample quality of CVD MoS2 islands, including surface quality and crystallinity, is comparable to 
exfoliated crystals. To better support this statement, a comparison of the full-width at half-
maximum (FWHM) of the LEED (00) spot and first-order diffraction spots, as determined by 
Gaussian fitting after intensity normalization and detector background-signal removal, was 
performed. An example of this fitting is shown in Figure 3.4 (f), and a comparison of the FWHM 
of CVD and exfoliated MoS2 at two different electron energies is shown in Figure 3.4 (k). Before 
transfer, the CVD grown MoS2 has a larger FWHM relative to the pre-transferred exfoliated MoS2, 
which corresponds to a rougher surface and is presumably due to the strain-induced wrinkles as 
shown in Figure 3.2. Upon transfer to a Si substrate, however, the strain-induced vein-like wrinkles 
are no longer present, as noted above, and hence, result in a comparable FWHM between 
transferred CVD and transferred exfoliated MoS2. This supports our real-space LEEM 
measurements in which CVD grown MoS2 appeared quite similar in quality to exfoliated MoS2. 
Thus, our μ-LEED measurements confirmed the structural integrity of as-grown CVD and 
transferred CVD MoS2, and enabled the determination of the crystal domain orientations. More 
importantly, these μ-LEED measurements show that CVD-grown MoS2 is of comparable quality 






In this work, the surface morphology and structural quality of ultrathin MoS2 flakes 
originating from mechanical exfoliation and CVD growth were examined and compared using 
LEEM and μ-LEED. A major experimental issue for our measurements was sample charging and 
surface corrugation. The charging was eliminated by transferring MoS2 crystals to a native-oxide 
covered Si wafer, a procedure which was compatible with our LEEM and LEED measurements. 
In addition, surface doping techniques by an alkali metal were crucial for these MoS2 studies. 
These electron-probe measurements enabled detailed surface structural characterization and added 
complementary insight to those obtained earlier from Raman and PL measurements.[7][8] In 
particular, real-space probing by LEEM in conjunction with k-space probing by µ-LEED show 
that CVD-grown MoS2 single crystals have comparable crystal quality to that of exfoliated MoS2. 
In addition, our results have also shown that as-grown CVD MoS2 sample islands have a fine vein-
like or rippled structure, as revealed via potassium deposition; this leaf-like morphology is lost 
after sample transfer to a silicon substrate. We attribute this structure to strain fields formed during 
CVD growth. Our observations reported here are an important step toward a broader understanding 
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Direct Measurement of the Thickness-Dependent Electronic Band 
Structure of MoS2 Using ARPES 
In this chapter, we report on the evolution of the thickness-dependent electronic band 
structure of the two-dimensional layered-dichalcogenide molybdenum disulfide (MoS2). 
Micrometer-scale angle-resolved photoemission spectroscopy of mechanically exfoliated and 
chemical-vapor-deposition-grown crystals provides direct evidence for the shifting of the valence 
band maximum from the Г̅ point to the K̅ point, for the case of MoS2 having more than one layer, 
to the case of single-layer MoS2, as predicted by density functional theory. This evolution of the 
electronic structure from bulk to few-layers to monolayer MoS2 had earlier been predicted to arise 
from quantum confinement. Furthermore, one of the consequences of this progression in the 
electronic structure is the dramatic increase in the hole effective-mass, in going from bulk to 
monolayer MoS2 at its Brillouin zone center, which is known as the cause for the decreased carrier 









Molybdenum disulfide (MoS2) is a layered transition-metal dichalcogenide [1] that can be 
fabricated as an atomically thin two-dimensional (2D) crystal [2]. The fabrication relies on the fact 
that S-Mo-S slabs in bulk MoS2 have a layered 2H crystal structure, and are weakly bonded by 
van der Waals (vdW) interactions [3].  After cleaving, monolayer MoS2 consists of a single layer 
of Mo atoms sandwiched between two layers of S atoms in a trigonal prismatic structure [4][5].  
Our interest in monolayer MoS2 stems from the following: (i) There is transition from an indirect 
to a direct bandgap in going from multi-layer to monolayer crystal due to the missing interlayer 
interaction in monolayer form [6], and (ii) the strong spin-orbit-coupling induced split valence 
bands (~160 meV [7][8]) due to broken inversion symmetry, which makes MoS2 interesting for 
spin-physics exploration. Properties (i) and (ii) lead to potential applications in nanoelectronic 
devices [9] and spintronics applications, respectively.  In addition, both properties have been 
predicted with density functional theory (DFT) calculations [7][10] and indirectly demonstrated 
using photoluminescence [11][12] and Raman spectroscopy [13]. The electronic structure of bulk 
MoS2 has been comprehensively studied by both theory and experiments [14-16]. Despite the 
myriad of experiments on single- and few-layer MoS2, as well as their distinctive and potential 
applications, direct experimental determination of the electronic structure of these single-to-few-
layer MoS2 crystals has, thus far, been lacking. 
In this work, we directly measure the electronic band structure of exfoliated monolayer, 
bilayer, and trilayer MoS2, and compare them to bulk MoS2 bands and the corresponding 





(micro-ARPES). The band structure of chemical vapor deposition (CVD)-grown monolayer MoS2 
crystals are also measured and compared to the exfoliated monolayer. The main features of the 
MoS2 band structure originate from Mo 4d states and are in good agreement with results of 
theoretical calculations. Our findings show the following: First, the valence bands of monolayer 
MoS2, particularly the low-binding-energy bands, are distinctly different from those of bulk MoS2 
in that the valence band maximum (VBM) of a monolayer is located at Κ̅ of the first Brillouin zone 
(BZ), see Fig. 1(e), rather than at Γ̅, as is the case in bilayer and thicker MoS2 crystals.  Second, 
the uppermost valence band of both exfoliated and CVD-grown monolayer MoS2 is compressed 
in energy in comparison with the calculated band, an effect, which we tentatively attribute to 
interactions with the substrate. The degree of compression in CVD-grown MoS2 is larger than that 
in exfoliated monolayer MoS2, likely due to defects, doping, or stress. Third, the uppermost 
valence band near  Κ̅ of monolayer MoS2 is less dispersive than that of the bulk, which leads to a 
striking increase in the hole effective-mass and, hence, the reduced carrier mobility of the 
monolayer compared to bulk MoS2.  
4.2 Experimental Methods 
4.2.1 Sample Preparation 
Large ultrathin MoS2 flakes (~10×15 μm
2) were fabricated on Si wafers from commercial 
single-crystal MoS2 bulk samples (SPI Supplies, USA) using mechanical exfoliation [2], with 
poly(methyl-methacrylate) (PMMA) and polyvinyl alcohol (PVA) overlayers. Monolayer, bilayer, 
and trilayer MoS2 were first identified by optical contrast as shown in Figure 4.1 (a)-(c) and 





flakes were subsequently transferred, using a PMMA membrane as the transfer medium [18], onto 
a moderately doped silicon substrate, covered with a full native-oxide layer. Bulk MoS2 flakes 
were also transferred onto the substrate in this process. Besides exfoliation-derived MoS2, high-
quality crystals of monolayer MoS2, as grown by CVD with grain sizes up to 120 μm [19], were 
also transferred onto the same substrate. Gold grid marks written on the substrate were used to 
locate the target MoS2 flakes. A sketch of the sample configuration is shown in Figure 4.1 (d). The 
native-oxide-covered Si substrates proved effective at preventing charging that is present with a 
thicker SiO2 substrate, as reported by Han et al. [20]. In this case, residual photoionization charge 
apparently tunnels through the native-oxide layer making photoemission electron microscopy 
(PEEM) and µ-ARPES measurements possible.  
 
Figure 4.1 (a)-(c) Optical microscope images of the exfoliated MoS2 samples. The background is 
from the Si/SiO2 substrate with PMMA overlayer and the areas with different contrast are from 





correspond to monolayer, bilayer, and trilayer, respectively. (d) Sketch of sample configuration. 
Monolayer MoS2 (honeycomb lattice) was transferred onto silicon chip (blue) with native oxide 
(purple). (e) First Brillouin zone of monolayer MoS2. (f) Schematic representation of the 
photoemission process and configuration. Normal incident light excites electrons from 𝑑𝑥2−𝑦2 
orbital of the sample.  
 
4.2.2 Instrumentation 
Our measurements were performed on the Spectroscopic Photoemission and Low Energy 
Electron Microscope (SPELEEM) system at the National Synchrotron Light Source (NSLS) 
beamline U5UA [21][22]. Prior to the measurements, the sample was annealed for 6 hours at 
350°C under ultrahigh vacuum (UHV) to degas and remove contaminants and residual PMMA 
before transfer into the SPELEEM chamber. In one instance involving CVD MoS2, potassium was 
deposited on the sample surface in-situ using a commercial alkali metal dispenser (SEAS Getters) 
to eliminate surface charging, while monitoring the associated change in the work function using 
LEEM [23]. The deposition was stopped when the workfunction shift had saturated. Subsequently, 
the potassium was removed from the surface prior to measurements by annealing at 100°C for 1hr. 
Low energy electron microscopy (LEEM) was used to locate the macroscopic MoS2 flakes of 
interest. Each selected MoS2 flake was characterized with PEEM (spatial resolution < 50 nm) and 
micro-spot low energy electron diffraction (micro-LEED) to investigate surface morphology and 
crystalline structure, respectively. µ-ARPES data were collected using synchrotron ultraviolet 
radiation (hν = 42 eV) within a 2-5 μm diameter spot, following a procedure described in details 





Linear-polarized light is incident at an angle normal to the sample surface. The inelastic mean free 
path of the emitted electrons at ~40 eV is estimated to be ~5 Å  [25], which is comparable to the 
thickness of monolayer MoS2 (~6.5Å ) [6][13]. Therefore, the photoelectron signal from the 
substrate is much weaker than that from MoS2. Electronic band structure measurements were 
carried out at room temperature in-situ with an energy resolution of ~200 meV. In particular, the 
energy-filtered photoelectron angular distributions in reciprocal space were measured using the 
electron optics and detector system of the SPELEEM instrument. The raw data contained 
photoelectron k-space measurements for kinetic energies ranging from 30 eV to 40 eV at an energy 
step of 0.1 eV. Projections along high-symmetry directions including Κ̅– Γ̅– Κ̅ and Μ̅– Γ̅– Μ̅ in the 
Brillouin zone were used to generate band dispersion plots.  
4.3 Experimental Results 
4.3.1 Photoionization Cross-Section, Orbitals, and Fermi Cutoff 
The measured valence bands of MoS2 are derived from hybridization of the Mo 4d and S 
3p orbitals [4][14]. As shown in Figure 4.2 (a), the calculated atomic photoionization cross section 
of the Mo 4d and S 3p subshell as a function of photon energy [26] demonstrates that our incident 
photon energy of 42 eV is near the Cooper minimum of the S 3p orbital. Therefore, the dominant 
features probed here are derived from Mo 4d orbital contributions. Moreover, in our normal 
incidence ARPES configuration, the vector potential associated with the incident light can be 
expressed as:  





where 𝐴𝑥 and 𝐴𝑦 are the in-plane components. The photoemission state-transition matrix element 
is given by: 
𝑀𝑖𝑓 = ⟨𝑓|𝐀 ∙ 𝐫|𝑖⟩ 
where r is the position operator, and |𝑖⟩ and |𝑓⟩ denote the initial and final states, respectively [27]. 
In such a geometry, the z-axis contribution of 𝑀𝑖𝑓  vanishes since 𝐴𝑧  =  0, and therefore, the 
spectral intensity of in-plane states including 𝑑𝑥2−𝑦2 and 𝑑𝑥𝑦 orbitals are stronger than that of the 
out-of-plane states such as 𝑑𝑧2, 𝑑𝑥𝑧, and 𝑑𝑦𝑧 orbitals, which is in agreement with our experimental 
results.  
As seen in Figure 4.2 (b), angle-integrated photoemission spectra of exfoliated monolayer 
MoS2 were acquired along high-symmetry directions and over the full BZ. These spectra, which 
were rescaled relative to the intensity at 5 eV binding energy, show a cut-off feature approximately 
1.75 eV above the VBM. The constant energy planes around the cut-off do not show any coherent 
structure in momentum space, from which we rule out this feature being derived from a non-
amorphous region of the substrate. Instead we ascribe this feature to the Fermi cut-off and fit it 
with a Fermi-Dirac distribution. The value of Fermi level (EF) was also independently confirmed 
by measuring the photoemission spectrum of the gold grid marks on the substrate and by assuming 
a lack of a Schottky barrier at the Au/substrate interface. Since the bandgap of monolayer MoS2 is 
~1.9 eV, obtained both by calculations and experiments [11][28], this measurement also indicates 
that our sample is heavily electron-doped, possibly by impurities acquired during the transfer 





can be assigned to Mo 4d states, based on a partial-density-of-states decomposition calculation 
[28].  
 
Figure 4.2 (a) Atomic photoionization cross section for Mo 4d and S 3p subshells as a function of 
photon energy. The dashed line marks incident photon energy of 42 eV. (b) Angle-integrated 
photoemission spectra of exfoliated monolayer MoS2 extracted from high-symmetry directions 
(Κ̅– Γ̅– Κ̅ and Μ̅– Γ̅– Μ̅) of the BZ and over the whole BZ.  
 
4.3.2 ARPES Band Mapping 
Figure 4.3 provides the measured band dispersions of exfoliated monolayer MoS2 along 
the Μ̅– Γ̅– Κ̅ high-symmetry directions of the BZ. As shown in Figure 4.3 (a), the measured 
electronic band structure is generally in good agreement with DFT band calculations with spin-
orbit interaction taken into account [7]. In the spectra the most distinct features include the VBM 
at Γ̅ Μ̅ originating from Mo 𝑑𝑧2  orbitals, the VBM at Κ̅ induced by Mo 𝑑𝑥2−𝑦2  and 𝑑𝑥𝑦 





[15][29]. These features are further displayed in the corresponding energy distribution curves 
(EDCs) (see Figure 4.3 (b)) and momentum distribution curves (MDCs) (see Figure 4.3 (c)). 
According to the above matrix-element analysis, the VBM at Γ̅ has a weak intensity as expected. 
Other bands, which arise from S 3p orbitals and Mo 𝑑𝑥𝑧, 𝑑𝑦𝑧 orbitals [15][29] are too weak to be 
seen due either to their small cross sections or vanishing matrix elements. Although our energy 
resolution does not allow us to resolve the theoretically predicted spin-orbit splitting near , it is 
apparent that the VBM of the top-most band is located at  instead of . A detailed analysis is 
shown in Figure 4.4 (a). The data in Figure 4.3, thus, provide an evidence for the indirect-to-direct 
bandgap transition in going from few-layer to monolayer MoS2.  
Figure 4.3 (d)-(f) show the evolution of band structure with monolayer thickness by 
displaying the µ-ARPES band maps of bilayer, trilayer, and bulk MoS2, respectively. The spacing 
between VBM and EF is ~1.5 eV, which indicates that our few-layer and bulk MoS2 samples are 
also heavily electron-doped. A remarkable feature of these few-layer and bulk MoS2 samples is 
that the VBM at Κ̅ are all lower than that at Γ̅. This striking difference between monolayer and 
few-layer and bulk MoS2 shows clearly that the band structure changes with thickness. This change 
has been previously ascribed to quantum confinement. Note that in samples with thickness >1ML, 
vdW interactions allow coupling of the layers and thickness-dependent changes in confinement. 
Moreover, the VBM at Γ̅ vanishes due to weak spectral intensity, which has also been reported in 
bulk MoS2 experiments by Mahatha et al. [16]. Since this state is also derived from the Mo 𝑑𝑧2 







the small in-plane lattice parameter of bulk MoS2 [7], which allows for greater shielding by the S 
3p orbitals [3], which otherwise provide the dominant contribution to the transition strength. 
 
Figure 4.3 (a) ARPES band map of exfoliated monolayer MoS2 along the Μ̅– Γ̅– Κ̅ high symmetry 
lines. DFT band calculations with inclusion of spin-orbit interaction adapted from Ref. 7 (red 
curves) are overlaid onto it for comparison. (b)-(c) Corresponding EDCs and MDCs, respectively. 






4.3.3 Second Derivative Band Analysis 
To fully investigate the thickness dependence of the low-energy dispersive states, we 
extract the ARPES features of the uppermost valence band (UVB) along the Μ̅– Γ̅– Κ̅  high-
symmetry line by 2D-curvature analysis [30], shown in Figure 4.4 (a)-(d). The UVB of exfoliated 
1-3 ML and bulk MoS2 closely match the corresponding calculated bands. These results provide 
direct experimental evidence for the trend, in which the VBM at Γ̅ shift upwards in energy relative 
to that of Κ̅ as the number of layers increases. The thickness dependence of the energy difference 
between the VBM of Κ̅ and Γ̅ is further displayed in Figure 4.4 (e) and compared with theory. This 
evolution in band structure has been attributed to change in quantum confinement as the number 
of layers increases. To be specific, the VBM at Κ̅, which is derived from the localized in-plane Mo 
𝑑𝑥2−𝑦2  and 𝑑𝑥𝑦  orbitals, is unlikely to be affected by the quantum confinement modifications 
along in z direction. By comparison, however, the VBM at Γ̅, which originates from the rather 
delocalized out-of-plane Mo 𝑑𝑧2 orbitals and S 𝑝𝑧 orbitals, is lowered in energy when interlayer 
interaction decreases in the decreasing number of layers. In addition, one important result is that 
we reproducibly measure a compression of the UVB in monolayer MoS2, while the rest of the 
measured valence bands are identical to the computed bands. Here we define compression as 
(UVBmaxUVBmin)experiment/(UVBmaxUVBmin)theory, where UVBmin and UVBmax are the minimum 
and maximum values of the UVB within the Μ̅– Γ̅– Κ̅ directions. The measured compression of the 
monolayer UVB is ~80%. We tentatively attribute this compression to the interaction with the 
substrate, as confirmed by calculations for MoS2 on model Si substrate (see below). A second and 





bulk counterpart, indicating a substantially larger effective mass of holes in the monolayer. A 
simple parabolic fit allows us to estimate the experimental hole effective mass at Γ̅  of 
(2.4 ± 0.3)𝑚0 (m0 is the electron mass) in exfoliated MoS2, which is in approximate agreement 
with a theoretical prediction (~2.8 𝑚0) [31]. The same fit to the bulk band gives a value of 
(0.67 ± 0.1)𝑚0, which is very close to the theoretically predicted value of ~0.62 𝑚0 [31]. From 
bulk to monolayer MoS2, the hole effective mass at Κ̅ only slightly increases. The overall hole 
effective mass of monolayer MoS2 is thus remarkably larger than that of bulk. This result evidently 
explains the relatively poor carrier mobility (less than 10 cm2 V ∙ s⁄ ) [2][32] of monolayer MoS2 
compared to that of bulk (in the 50-200 cm2 V ∙ s⁄  range at room temperature) [33].  
 
Figure 4.4 (a)-(d) 2D curvature intensity plot of the low energy valence band of exfoliated 
monolayer, bilayer, trilayer, and bulk MoS2, respectively. Red curves are the corresponding DFT 
calculated bands. (e) Thickness dependence of the energy difference between VBM at Κ̅ and Γ̅ . 







4.3.4 ARPES Study on CVD Monolayer MoS2 
In addition to the experiments on exfoliated MoS2, we have also carried out electronic 
structure measurements on CVD-grown monolayer MoS2. Prior to ARPES measurements, high-
resolution PEEM was employed to examine the quality of CVD MoS2 islands. Figure 4.5 (a) shows 
a PEEM image of a well-defined triangular CVD MoS2 island with a grain size of ~50 μm. The 
uniform contrast in PEEM confirms that the island used for our ARPES measurements is 
composed of a high-quality monolayer MoS2 crystal—except for a very small region of bilayer or 
few-layer MoS2 at the center of the triangle [19]. The surface is clean and smooth without visible 
impurities or potassium ions; the sharp and straight edges indicate that the island consists of a 
single-crystalline MoS2 grain with Mo zigzag termination [19]. Figure 4.5 (b) shows the band 
structure of CVD monolayer MoS2 along high-symmetry directions of the BZ. The dispersion 
generally matches that of the DFT calculations, with the same distinct band features as in the 
exfoliated case. An unexpected difference between CVD and exfoliated monolayer MoS2 is that 
the energy band compression for the CVD MoS2 is even more pronounced, as shown in the 2D 
curvature intensity plot of the UVB (see Figure 4.5 (c)). The measured compression of the UVB 
for CVD MoS2 is ~50%. Note that µ-ARPES measurements were also performed on a CVD-grown 
monolayer MoS2 crystal without potassium deposition and yielded a similar amount of band 
compression. Furthermore, interaction with substrate, defects, doping, or stress, which are 
relatively more important in CVD films, may also play a role in the more pronounced compression 






Figure 4.5 (a) PEEM image of a well-defined triangle CVD monolayer MoS2 island with a small 
bilayer or multilayer region at its center.  (b)An ARPES band map along Μ̅– Γ̅– Κ̅ direction, 
respectively. DFT band calculations with inclusion of spin-orbit interaction adapted from Ref. 8 
(red curves) are overlaid onto ARPES band maps for comparison. (c) 2D curvature intensity plot 
of the uppermost valence band of CVD monolayer MoS2. VBM of the calculated band (red curve) 
is set to be the reference line of energy (black dashed line). The experimental band is shifted in 
energy to best match the theory. (d) Calculated band structures (red curves) for monolayer MoS2 
on top of pseudo-Si. Calculated bands of free-standing monolayer MoS2 (blue dashed curves) are 







4.4 Simulation Using DFT 
In an attempt to explain the compression of the UVB observed for both exfoliated and CVD 
monolayer MoS2, we tested several possible assumptions by conducting preliminary first-
principles calculations using the ABINIT code [34][35]. The generalized gradient approximation 
(GGA) was applied to describe the exchange-correlation potential. One possible explanation is the 
presence of a relaxation of the atomic positions in the monolayer MoS2 due to the missing 
interlayer interactions. In this case, we performed structural calculations of monolayer MoS2 by 
relaxing the atomic positions: in-plane only (a lattice-spacing), out-of-plane only (c lattice-
spacing), and both in-plane and out-of-plane (a and c lattice-spacings were scaled equally). Our 
results indicate that the band structure is very sensitive to relaxation as previously reported by 
others [10]. A 10% expansion of both a and c lattice spacing can indeed compress the band width 
of the UVB, but it also significantly changes the calculated higher binding energy bands and, in 
fact, calculated bands results do not match our experimental observations. Therefore, relaxation is 
unlikely to be the primary reason for the discrepancy between experiment and theory. Another 
explanation is that interactions with the substrate could modify the electronic structure of 
monolayer MoS2. To check for this possibility, we simulated the interaction with substrate by 
putting monolayer MoS2 on top of three layers of a pseudo-Si(111) plane. To simplify the model, 
we assumed that the lattice parameters and crystal structure of Si(111) are the same as those of 
MoS2, thus avoiding the complications of lattice mismatch; a more accurate theoretical model is 
beyond the scope of the discussion here. Our calculations shown in Figure 4.5 (d) indicate that 





which is comparable to the interlayer distance of bilayer MoS2 [10], the UVB at Γ̅ is compressed 
by ~50% while the valence bands at higher binding energy remain nearly unaffected. These results 
suggest that dielectric interactions with the substrate are likely the main reason for the observed 
UVB compression in monolayer MoS2. If indeed this is the case, this opens up one possible route 
to modifying band dispersion, and with it the hole effective mass and mobility in MoS2 by way of 
substrate engineering. 
4.5 Conclusion 
In conclusion, we have used µ-ARPES measurements to probe the valence bands of 
monolayer MoS2 derived from the Mo 4d orbitals. The results match the DFT predictions generally 
well and show a striking difference when compared with few-layer and bulk MoS2. The observed 
increase in the VBM at Κ̅ in monolayer MoS2 provides a direct measurement of the indirect-to-
direct band gap transition in going from few-layer to monolayer MoS2.  The concomitant decrease 
in the dispersion of the VBM at Γ̅  leads to a substantially larger hole effective-mass, which 
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Layer-dependent electronic structure of an atomically heavy 
2D dichalcogenide – A WSe2 Study Using SPELEEM  
In this chapter, we describe angle‐resolved photoemission spectroscopic 
measurements of the evolution of the thickness-dependent electronic band structure of the 
heavy-atom two‐dimensional layered, dichalcogenide, tungsten-diselenide (WSe2). Our 
data, taken on mechanically exfoliated WSe2 single-crystals, provide direct evidence for 
shifting of the valence-band maximum from Г̅  (multilayer WSe2), to K̅ , (single‐layer 
WSe2).  Further, our measurements also set a lower bound on the energy of the direct band-




















Single layers of two-dimensional metal dichalcogenides (TMDCs) such as MoS2, 
have emerged as a new class of non-centrosymmetric direct-bandgap materials with 
potential photonic and spintronic applications [7][8]. Among the TMDC family, tungsten-
based dichalcogenides, such as WSe2, exhibit high in-plane carrier mobility and allow 
electrostatic modulation of the conductance [42][43], characteristics, which make them 
promising for device applications. For example, bulk WSe2
 possesses an indirect bandgap 
of 1.2 eV [40][44] and has been used as the channel of a field-effect transistor (FET) with 
an intrinsic hole mobility of up to 500 cm2/(V-s) [45]. By comparison, WSe2, in its 
monolayer form (ML), should have a direct band gap, as predicted by theory 
[46][47][48][49][50][51], and a promising intrinsic hole mobility of 250 cm2/(V-s), as 
recently demonstrated in the performance of top-gated FETs [43]. In addition, ML WSe2 
has been demonstrated to be the first TMDC material possessing ambipolar, i.e., both p-
type and n-type conducting behavior [43][51], thus making it possible to design additional 
electronic functionality, such as p-n junctions or complementary logic circuits.  
Despite these intriguing characteristics, measurements of ML WSe2 have generally 
been limited to probing of optical and transport properties [43][44][45]. In this work, we 
report thickness-dependent measurements of the surface and electronic structure of 
exfoliated WSe2, using low-energy electron microscopy (LEEM), diffraction (LEED), and 
micrometer‐scale angle‐resolved photoemission spectroscopy (µ‐ARPES) of samples 
supported on a native-oxide terminated silicon substrate. Our experimental results provide 




which leads to an indirect-to-direct bandgap transition. Because TMDCs have a large 
carrier effective mass and reduced screening in two dimensions, electron–hole interactions 
are much stronger than in conventional semiconductors [52][53][54]. Our results allow us 
to obtain a direct measurement of the hole effective mass. Finally, our measurements allow 
us to directly infer a lower bound on the energy of the direct band gap.  
5.2 Experimental Methods 
Our measurements were performed using the spectroscopic photoemission and 
low-energy electron microscope (SPELEEM) system at the National Synchrotron Light 
Source (NSLS) beamline U5UA [39][56]. The spectrometer energy resolution of this 
instrument was set to 100 meV at 33 eV incident photon energy with a beam spot size of 1 
μm in diameter. The momentum resolution is ~0.02 Å -1. Exfoliated WSe2 samples were 
transferred to a native-oxide covered Si substrate; prior to measurements, these samples 
were annealed at 350 oC for ~12 hours under UHV conditions. The layer number of the 
sample is determined by Raman and photoluminescence spectroscopy [57][58].  
5.2.1 Sample Preparation and Characterization 
The samples examined here were first mechanically exfoliated with sacrificial 
PMMA/PVA thin films on Si. The films have a thickness of 280 ± 5 nm which provides 
the same optical contrast as on a 280nm-thick SiO2-coated Si substrate. The layer number 
of the sample was determined by Raman and photoluminescence spectroscopy using the 
method described in Ref. [18][19] and in its supplementary material section. The samples 




and an 1800 lines/mm grating. The spectra were normalized to Raman A1g peak for Raman 
shift study. For photoluminescence study, the samples were examined for wavelengths 
from 500-1000nm, which correspond to 2.48 – 1.24 eV in photon energy. A non-contacting 
atomic force microscope was used to help determine the sample thickness. Later, the 
samples were wet-transferred onto a native-oxide Si substrate to eliminate the charging 
effect [16][25][47]. An example of the optical and LEEM images of the samples before 
and after transfer is shown in Figure 5.1 (c). After the transfer, the samples were then rinsed 
in acetone for 24 hours to complete the transfer procedure. Prior to any measurements, the 
samples were degassed and annealed to 350 oC for several hours under UHV conditions. 
Also, careful examination using LEEM to investigate unwanted surface residues was 
essential for our ARPES measurements. 
Sample quality and crystal orientation were examined using both LEEM and µ-
LEED (Figure 5.1).  Diffraction patterns (at a primary electron energy of 48 eV) of 
exfoliated WSe2 flakes of 1 - 3 ML and bulk are shown in Figure 5.2 (a)-(d), respectively, 
and clearly display the six-fold crystal symmetry. At an electron energy of 48eV, the mean 
free path of the low-energy electrons is ~5.2 Å  [59] which is comparable to the thickness 
of a single covalently bound Se-W-Se unit of monolayer WSe2 (~7 Å ) [43][60].  With 
increasing WSe2 thickness, the LEED spots become sharper due, in part, to decreased 
scattering from the substrate [61]. This assertion is supported by the monotonically 
decreasing full-width-at-half- maximum (FWHM) of the (00) diffraction spot, plotted for 





Figure 5.1 (a) Side view and (b) top view of the trigonal prismatic coordination of the atoms 
in 2H-WSe2. (c) LEEM image of 1ML WSe2 after transfer (detector artifacts and 
background signal have been removed.) The inset is the corresponding optical microscope 
image of the same sample. LEEM images were taken at an electron energy of 1.8 eV.  
 
Figure 5.2 (a)-(d) Micro-LEED patterns at 48eV electron energy on exfoliated WSe2 1 ML 
(a), 2 ML (b), 3 ML (c), and bulk (d) after transfer to Si. The halo around 1ML (00) spot 
came from edge deflection of electrons due to a limited sample size. (e) Measured FWHM 
of the (00) LEED spot for 1-3ML WSe2 flakes relative to that of bulk, measured at 20.5, 
30, and 40 eV electron energy. The FWHM decreases with increasing number of layers, 




5.3 Experimental Results 
5.3.1 Photoionization Cross-Section, Orbitals, and Fermi Cutoff 
The electronic structure of the top-lying valence bands of WSe2 is derived from the 
W 5d and Se 4p orbitals [62][63], each of which possesses a strongly varying photon-
energy-dependent photoionization cross-section [64], as displayed in Figure 5.3 (b). Prior 
work [64] has shown that the cross-section of the W 5d subshell is an order of magnitude 
larger than that of Se 4p at the photon energy of 33 eV used in our experiments (indicated 
by the vertical line in Figure 5.3 (b).) Thus the primary contributions to our µ-ARPES 
measurements, shown in Figure 5.4, are from the W 5d orbitals. Angle-integrated 
photoemission spectra of 1ML WSe2 along high symmetry directions and over the full 
Brillouin Zone (BZ) are shown in Figure 5.3 (c). These spectra show a clear energy cut-off 
at about 1.8 ± 0.1 eV above the VBM, which we identify as the position of the Fermi level 
EF. The bandgap of ML WSe2 has previously been reported to be in the range of 1.4 to 2.3 
eV [58][65][66]. Based on our identification of the Fermi energy, the minimum bandgap 
value of WSe2 must be greater than at least 1.8 eV; this result also suggests that our 
exfoliated ML WSe2 is heavily electron-doped, i.e. the Fermi level falls near the conduction 
band minimum.[67][68] The energy differences between the Fermi level (EF) and the VBM 
for 2ML, 3ML, and bulk, are approximately 1.5 eV, 1.5 eV, and 1.1 eV, respectively. 
Taking into account the previously reported bandgap energies of these materials, we find 
that these energy differences are consistent with our samples being heavily electron-doped, 
regardless of thickness. This result suggests that our electron-doping is more likely to be 





Figure 5.3 (a) Brillouin zone and high-symmetry points of WSe2. (b) Atomic 
photoionization cross-section for W 5d and Se 4p subshells as a function of ARPES photon 
energy [64]. At 33 eV, the cross-section between W 5d and Se 4p has an order-of-
magnitude difference. Therefore, the dominant features in our ARPES measurement are 
the contribution of W 5d subshell. Note that the Cooper minimum of the Se orbital is ~50 
eV. (c) Angle-integrated photoemission spectra of monolayer WSe2 extracted from high 
symmetry directions K̅-Γ̅-K̅ and M̅-Γ̅-M̅, and over the full BZ, referenced with respect to 
the Fermi level. 
 
5.3.2 ARPES Band Mapping 
Our µ-ARPES measurements of 1 - 3ML and bulk WSe2 along the high symmetry 
directions M̅-Γ̅-K̅, given in Figure 5.4, clearly show a transition in the occupied electronic 
structure with change in layer thickness. Superimposed on the measured data are the 
corresponding DFT-LDA band calculations, computed using ABINIT without spin-orbit 




from the W 𝑑z2  and Se 𝑝𝑧 orbitals, the VBM at K̅, derived from the W 𝑑𝑥2−𝑦2/𝑑𝑥𝑦  and Se 
𝑝𝑥/𝑝𝑦  orbitals, and the valley between  Γ̅  and K̅ , derived from a crossover to the W 
𝑑𝑥2−𝑦2/𝑑𝑥𝑦 orbitals from the W 𝑑z2  and Se 𝑝𝑧 orbitals [50][71][72], as shown and labeled 
in Figure 5.4 (a). Bands of higher binding energies and along other high-symmetry 
directions have been previously calculated and discussed in the literature 
[50][62][63][71][72][73]. These features are further displayed in the corresponding energy 
distribution curves (EDCs) [see Figure 5.4 (b)] and momentum distribution curves (MDCs) 
[see Figure 5.4 (c)]. Note that several of the WSe2 bands are not detected in our ARPES 
measurements due to matrix-element selection rules as well as the above-mentioned 
difference in the photoionization cross-section between W- and Se-derived states. In our 
experiments, the incident photon flux was directed normal to the sample surface so that its 
polarization is in the plane of the WSe2 crystal, thus suppressing excitation of states with 
out-of-plane character. This result explains why the W- and Se-derived states with a z or 
out-of-plane component, i.e., 𝑑z2  or 𝑝𝑧 orbital, in the uppermost valence band (UVB) near 





Figure 5.4 µ-ARPES band mapping of exfoliated WSe2 for (a) 1ML (d) 2ML (c) 3ML and 
(f) bulk along the high-symmetry path M̅-Γ̅-K̅ in the Brillouin zone. E=0 denotes the Fermi 
level. The overlaid white lines are our DFT-calculated band structures. The calculations do 
not include the effect of spin-orbit coupling. (b), (c) Corresponding EDCs and MDCs of 
1ML WSe2, respectively. 
5.3.3 Second Derivative Band Analysis 
An important feature of our measurements is the change in the energy of the upper-
most valence band (UVB) at Γ̅ and K̅ for 1ML WSe2 compared to that of few-layer WSe2. 




shifts to Γ̅ for multilayer WSe2. Previous reports [74][75][76][77][78] using traditional 
ARPES and inverse photoemission instruments have confirmed that the location of the 
VBM in bulk WSe2 to be at Γ̅; note that for bulk WSe2, ARPES measurements over a large 
enough photon energy range are required in order to take into account the kz dependence 
of the observed states. To fully quantify the VBM transition as a function of thickness, we 
used curvature analysis [79], or the second-derivative method, to help delineate the 
electronic band structure, as shown in Figure 5.5. Figure 5.5 (a)-(d) give the bands for the 
1 - 3ML and bulk WSe2 samples, derived from the data in Figure 5.4 using this method, 
and with the zero energy referenced to the VBM. The UVB of exfoliated WSe2 closely 
matches the corresponding calculated bands (white curves), except for the monolayer case 
where the measured energy difference between Γ̅  and K̅  is less than that predicted by 
theory, and where the dispersion at Γ̅ is greater than that in the calculated bands. The 
experimentally measured and theoretically predicted [50] energy differences between Γ̅ 
and K̅ for monolayer and multilayer WSe2 are plotted in Figure 5.5 (e). The measured 
energy differences are: 0.21 eV, -0.14 eV, and -0.25 eV for 1 - 3ML; the value for bulk 
WSe2 has been reported previously to be -0.3 eV [75][77]. The error bars denote the 
standard deviation of the fittings from all six high symmetry equivalent directions, and they 
are well under the detector error of ± 0.10 eV. Thus, these results provide direct 
experimental evidence for a thickness-dependent shift in the relative energy of the VBM 
at Γ̅ and at K̅ and, hence, strong support for a shift from an indirect to a direct bandgap in 







Figure 5.5 (a)-(d) Second derivative plots of the low-energy valence bands along high 
symmetry points of exfoliated 1 - 3ML and bulk WSe2, respectively, generated from the µ-
ARPES band maps of Figure 5.4. The white lines are the corresponding DFT-calculated 
bands as in Figure 5.4. The dashed-white lines refer to the top valence bands, which 
illustrate the layer-number dependence of the electronic structure near the VBM.  Here the 
energy scale is set to zero at the VBM. (e) Layer-number-dependent VBM transition of the 
energy difference between K̅ and Γ̅ points. The error bars denote the standard deviation of 
the fittings from all six high symmetry equivalent directions, and they are well under the 
detector error of ± 0.10 eV. The theoretical and experimental results are plotted for 
comparison.  
5.3.4 Effective Mass 
An analysis of the curvature of the bands from the µ-ARPES measurements also 
allows us to deduce the effective mass of monolayer and bilayer WSe2. For monolayer 
WSe2, we determined an experimentally derived hole effective mass of 1.4 ± 0.6 m0 [80] 
(where m0 is the electron mass) at K̅ , which is 3x larger than theoretical predictions, and 




large as theoretical predictions (7.1 ± 0.2 m0) [46][47][48][49][81].  For the case of bilayer 
WSe2, however, we determined an experimentally derived hole effective mass of 0.4 ± 0.1 
m0 at K̅ , which agrees well with theoretical predictions [46][48].  The origin of the 
discrepancy between experiment and DFT calculations for the case of a monolayer is 
uncertain at this time. Our finite energy resolution does contribute to the measurement 
error. However, it is also apparent that there is an overall difference in band dispersion 
between our relatively simple theory calculation and experiment. This reasoning indicates 
that the above discrepancy is more complicated than simple instrumentation limits. Note 
that our DFT-derived effective-mass value of 0.44 m0 for monolayer WSe2 at K̅ is in 






,  slight measurement errors are accentuated by the flat-like dispersion 
curve in the vicinity of Γ̅. “Renormalization” in bands of other 2D dichalcogenides have 
also been reported [82][83], though the reason for this remains in question. Other possible 
explanations beyond that of an intrinsic nature of WSe2 include effects of substrate 
interaction, such as strain, dielectric screening, etc.  
Note that the lattice constant of WSe2 can have a variation of up to 1% between 
DFT calculations [7][8][9][10][11] and bulk experiments. This contributes insignificantly 
to the variation of the effective mass, as the effective mass is approximately inversely 
proportional to a2. Therefore, we are able to compare the hole effective mass across 
different literature values. In our analysis, we use the experimentally measured bulk lattice 




5.3.5 Spin-Orbit Coupling 
In comparison to monolayer MoS2, monolayer WSe2 is expected to have an even 
larger spin-orbit splitting in the vicinity of K̅, with a theoretically predicted value of ~0.46 
eV v.s. ~0.16 eV of MoS2 
 [50][84]. The expected splitting of the valence band along the 
Γ̅ - K̅ direction of monolayer WSe2 is due to the strong spin-orbit coupling originating from 
the high mass of the constituent elements and the lack of inversion symmetry 
[50][84][85][86]. The theoretically predicted value (~0.46 eV) is larger than our 
experiment energy resolution and thus, should have been resolved directly in our 
measurements. However, despite the presence of an increasing linewidth of the UVB in the 
direction of Γ̅-K̅, which may be attributed to spin-orbit-splitting of the bands, we do not see 
two clear peaks in the vicinity of K̅. We conjecture sample roughness, induced in the 
transfer process, is broadening the linewidth [87] of the spin-orbit split bands, leading to a 
broad unresolved band in our ARPES measurements. We have shown in previous works 
[61][83], using an analysis of LEED spot widths, that the transfer process introduces 
corrugation in monolayer MoS2. Thus, resolving the spin-orbit-splitting in monolayer 
dichalcogenides is demanding in terms of a flat transfer procedure. 
5.4 Conclusion 
In conclusion, we have probed the surface structure and occupied electronic bands 
of 1 – 3 layer exfoliated WSe2 crystals prepared by transfer to a native-oxide-terminated Si 
substrate. LEEM and µ-LEED provided real-space and reciprocal-space structural 
measurements of WSe2, revealing clearly resolved thickness-dependent contrast and 




occupied valence-band structure and confirmed the transition of the valence band 
maximum from Γ̅ to K̅ as the thickness is reduced from few-layer to 1ML WSe2; this 
observation provides support for an indirect‐to-direct bandgap transition. For monolayer 
WSe2, we have found a lower bound of 1.8 eV for the bandgap and measured a hole 
effective mass of 1.4 m0 at K̅ and 3.5 m0 at Γ̅. We expect that these results will provide 
insight to the understanding of the optical and electronic properties of monolayer and 
multilayer WSe2 that is important for novel devices made from this transition-metal-



































[1] Mak, Kin Fai, Changgu Lee, James Hone, Jie Shan, and Tony F. Heinz. "Atomically 
thin MoS2: a new direct-gap semiconductor." Physical Review Letters 105, no. 13 
(2010): 136805. 
[2] Splendiani, Andrea, Liang Sun, Yuanbo Zhang, Tianshu Li, Jonghwan Kim, Chi-Yung 
Chim, Giulia Galli, and Feng Wang. "Emerging photoluminescence in monolayer 
MoS2." Nano letters 10, no. 4 (2010): 1271-1275. 
[3] Braga, Daniele, Ignacio Gutiérrez Lezama, Helmuth Berger, and Alberto F. Morpurgo. 
"Quantitative determination of the band gap of WS2 with ambipolar ionic liquid-gated 
transistors." Nano letters 12, no. 10 (2012): 5218-5223. 
[4] Fang, Hui, Steven Chuang, Ting Chia Chang, Kuniharu Takei, Toshitake Takahashi, 
and Ali Javey. "High-performance single layered WSe2 p-FETs with chemically doped 
contacts." Nano letters 12, no. 7 (2012): 3788-3792. 
[5] Yousefi, G. H. "Optical properties of mixed transition metal dichalcogenide 
crystals." Materials Letters 9, no. 1 (1989): 38-40. 
[6] Podzorov, V., M. E. Gershenson, Ch Kloc, R. Zeis, and E. Bucher. "High-mobility 
field-effect transistors based on transition metal dichalcogenides. "Applied Physics 
Letters 84, no. 17 (2004): 3301-3303. 
[7] Kumar, A., and P. K. Ahluwalia. "Electronic structure of transition metal 
dichalcogenides monolayers 1H-MX2 (M= Mo, W; X= S, Se, Te) from ab-initio theory: 
new direct band gap semiconductors." The European Physical Journal B-Condensed 
Matter and Complex Systems 85, no. 6 (2012): 1-7. 
[8] Ramasubramaniam, Ashwin. "Large excitonic effects in monolayers of molybdenum 
and tungsten dichalcogenides." Physical Review B 86, no. 11 (2012): 115409. 
[9] Yun, Won Seok, S. W. Han, Soon Cheol Hong, In Gee Kim, and J. D. Lee. "Thickness 
and strain effects on electronic structures of transition metal dichalcogenides: 2H-MX2 
semiconductors (M= Mo, W; X= S, Se, Te)."Physical Review B 85, no. 3 (2012): 
033305. 
[10] Shi, Hongliang, Hui Pan, Yong-Wei Zhang, and Boris I. Yakobson. "Quasiparticle 
band structures and optical properties of strained monolayer MoS2 and WS2." Physical 
Review B 87, no. 15 (2013): 155304. 
[11] Zhu, Z. Y., Y. C. Cheng, and Udo Schwingenschlögl. "Giant spin-orbit-induced 
spin splitting in two-dimensional transition-metal dichalcogenide 




[12] Liu, Wei, Jiahao Kang, Deblina Sarkar, Yasin Khatami, Debdeep Jena, and Kaustav 
Banerjee. "Role of metal contacts in designing high-performance monolayer n-type 
WSe2 field effect transistors." Nano letters 13, no. 5 (2013): 1983-1990. 
[13] Jones, Aaron M., Hongyi Yu, Nirmal J. Ghimire, Sanfeng Wu, Grant Aivazian, 
Jason S. Ross, Bo Zhao et al. "Optical generation of excitonic valley coherence in 
monolayer WSe2." Nature nanotechnology 8, no. 9 (2013): 634-638. 
[14] Mak, Kin Fai, Keliang He, Changgu Lee, Gwan Hyoung Lee, James Hone, Tony 
F. Heinz, and Jie Shan. "Tightly bound trions in monolayer MoS2." Nature 
materials 12, no. 3 (2013): 207-211. 
[15] Ross, Jason S., Sanfeng Wu, Hongyi Yu, Nirmal J. Ghimire, Aaron M. Jones, Grant 
Aivazian, Jiaqiang Yan et al. "Electrical control of neutral and charged excitons in a 
monolayer semiconductor." Nature communications 4 (2013): 1474. 
[16] Sadowski, Jerzy T. "Pentacene growth on 3-aminopropyltrimethoxysilane modified 
silicon dioxide." Optical Materials 34, no. 10 (2012): 1635-1638. 
[17] Sutter, P., M. S. Hybertsen, J. T. Sadowski, and E. Sutter. "Electronic structure of 
few-layer epitaxial graphene on Ru (0001)." Nano letters 9, no. 7 (2009): 2654-2660.  
[18] Zeng, Hualing, Gui-Bin Liu, Junfeng Dai, Yajun Yan, Bairen Zhu, Ruicong He, Lu 
Xie et al. "Optical signature of symmetry variations and spin-valley coupling in 
atomically thin tungsten dichalcogenides." Scientific reports 3 (2013). 
[19] Zhao, Weijie, Zohreh Ghorannevis, Leiqiang Chu, Minglin Toh, Christian Kloc, 
Ping-Heng Tan, and Goki Eda. "Evolution of electronic structure in atomically thin 
sheets of WS2 and WSe2." Acs Nano 7, no. 1 (2012): 791-797. 
[20] Seah, M. P., and W. A. Dench. "Quantitative electron spectroscopy of surfaces: a 
standard data base for electron inelastic mean free paths in solids." Surface and 
interface analysis 1, no. 1 (1979): 2-11. 
[21] Kalikhman, V. L., and Ya S. Umanskiĭ. "Transition-metal chalcogenides with layer 
structures and features of the filling of their brillouin zones." Physics-Uspekhi 15, no. 
6 (1973): 728-741. 
[22] Yeh, Po-Chun, Wencan Jin, Nader Zaki, Datong Zhang, Jerzy T. Sadowski, 
Abdullah Al-Mahboob, Arend M. van der Zande et al. "Probing substrate-dependent 
long-range surface structure of single-layer and multilayer MoS2 by low-energy 
electron microscopy and microprobe diffraction." Physical Review B89, no. 15 (2014): 
155408. 
[23] Mattheiss, L. F. "Band structures of transition-metal-dichalcogenide layer 




[24] Coehoorn, R., C. Haas, J. Dijkstra, C. J. F. Flipse, R. A. De Groot, and A. Wold. 
"Electronic structure of MoSe2, MoS2, and WSe2. I. Band-structure calculations and 
photoelectron spectroscopy." Physical Review B 35, no. 12 (1987): 6195. 
[25] Yeh, J. J., and I. Lindau. "Atomic subshell photoionization cross sections and 
asymmetry parameters: 1 ≤ Z ≤ 103." Atomic data and nuclear data tables 32, no. 1 
(1985): 1-155. 
[26] Deshpande, M. P., G. K. Solanki, and M. K. Agarwal. "Optical band gap in tungsten 
diselenide single crystals intercalated by indium." Materials Letters 43, no. 1 (2000): 
66-72. 
[27] Wilson, J. A., and A. D. Yoffe. "The transition metal dichalcogenides discussion 
and interpretation of the observed optical, electrical and structural properties." 
Advances in Physics 18, no. 73 (1969): 193-335. 
[28] Späh, R., U. Elrod, M. Lux‐Steiner, E. Bucher, and S. Wagner. "pn junctions in 
tungsten diselenide." Applied Physics Letters 43, no. 1 (1983): 79-81. 
[29] Upadhyayula, L. C., J. J. Loferski, A. Wold, W. Giriat, and R. Kershaw. 
"Semiconducting Properties of Single Crystals of n‐and p‐Type Tungsten Diselenide 
(WSe2)." Journal of Applied Physics 39, no. 10 (1968): 4736-4740. 
[30] Gonze, Xavier. "A brief introduction to the ABINIT software package." Zeitschrift 
für Kristallographie 220, no. 5/6/2005 (2005): 558-562. 
[31] Gonze, Xavier, B. Amadon, P-M. Anglade, J-M. Beuken, F. Bottin, P. Boulanger, 
F. Bruneval et al. "ABINIT: First-principles approach to material and nanosystem 
properties." Computer Physics Communications 180, no. 12 (2009): 2582-2615. 
[32] Liu, Gui-Bin, Wen-Yu Shan, Yugui Yao, Wang Yao, and Di Xiao. "Three-band 
tight-binding model for monolayers of group-VIB transition metal 
dichalcogenides." Physical Review B 88, no. 8 (2013): 085433. 
[33] Cappelluti, E., Rafael Roldán, J. A. Silva-Guillén, Pablo Ordejón, and F. Guinea. 
"Tight-binding model and direct-gap/indirect-gap transition in single-layer and 
multilayer MoS2" Physical Review B 88, no. 7 (2013): 075409. 
[34] Klein, A., S. Tiefenbacher, V. Eyert, C. Pettenkofer, and W. Jaegermann. 
"Electronic band structure of single-crystal and single-layer WS 2: Influence of 
interlayer van der Waals interactions." Physical Review B 64, no. 20 (2001): 205416. 
[35] Straub, Th, K. Fauth, Th Finteis, M. Hengsberger, R. Claessen, P. Steiner, S. 
Hüfner, and P. Blaha. "Valence-band maximum in the layered semiconductor WSe2: 
Application of constant-energy contour mapping by photoemission."Physical Review 




[36] Finteis, Th, M. Hengsberger, Th Straub, K. Fauth, R. Claessen, P. Auer, P. Steiner 
et al. "Occupied and unoccupied electronic band structure of WSe2."Physical Review 
B 55, no. 16 (1997): 10400. 
[37] Finteis, Th, M. Hengsberger, Th Straub, K. Fauth, R. Claessen, P. Auer, P. Steiner 
et al. "Erratum: Occupied and unoccupied electronic band structure of WSe2 [Phys. 
Rev. B 55, 10 400 (1997)]." Physical Review B 59, no. 3 (1999): 2461. 
[38] Traving, M., M. Boehme, L. Kipp, M. Skibowski, F. Starrost, E. E. Krasovskii, A. 
Perlov, and W. Schattke. "Electronic structure of WSe2: A combined photoemission 
and inverse photoemission study." Physical Review B 55, no. 16 (1997): 10392. 
[39] Yu, S-W., T. Lischke, R. David, Norbert Müller, Ulrich Heinzmann, C. 
Pettenkofer, A. Klein et al. "Spin resolved photoemission spectroscopy on 
WSe2." Journal of electron spectroscopy and related phenomena 101 (1999): 449-454. 
[40] Zhang, Peng, P. Richard, T. Qian, Y-M. Xu, X. Dai, and H. Ding. "A precise 
method for visualizing dispersive features in image plots." Review of Scientific 
Instruments 82, no. 4 (2011): 043712. 
[41] The estimated error here is a combination of the standard error in parabolic fitting 
and the standard deviation of the effective mass along different high symmetry 
directions. 
[42] Based on our DFT-LDA calculation. 
[43] Zhang, Yi, Tay-Rong Chang, Bo Zhou, Yong-Tao Cui, Hao Yan, Zhongkai Liu, 
Felix Schmitt et al. "Direct observation of the transition from indirect to direct bandgap 
in atomically thin epitaxial MoSe2." Nature nanotechnology 9, no. 2 (2014): 111-115. 
[44] Jin, Wencan, Po-Chun Yeh, Nader Zaki, Datong Zhang, Jerzy T. Sadowski, 
Abdullah Al-Mahboob, Arend M. van Der Zande et al. "Direct measurement of the 
thickness-dependent electronic band structure of MoS2 using angle-resolved 
photoemission spectroscopy." Physical review letters 111, no. 10 (2013): 106801. 
[45] Kośmider, K., J. W. González, and J. Fernández-Rossier. "Large spin splitting in 
the conduction band of transition metal dichalcogenide monolayers." Physical Review 
B 88, no. 24 (2013): 245436. 
[46] Xiao, Di, Ming-Che Chang, and Qian Niu. "Berry phase effects on electronic 
properties." Reviews of modern physics 82, no. 3 (2010): 1959. 
[47] Xiao, Di, Gui-Bin Liu, Wanxiang Feng, Xiaodong Xu, and Wang Yao. "Coupled 
spin and valley physics in monolayers of MoS2 and other group-VI 




[48] Knox, Kevin R., Andrea Locatelli, Mehmet B. Yilmaz, Dean Cvetko, Tevfik Onur 
Menteş, Miguel Ángel Niño, Philip Kim, Alberto Morgante, and Richard M. Osgood 
Jr. "Making angle-resolved photoemission measurements on corrugated monolayer 
crystals: Suspended exfoliated single-crystal graphene. "Physical Review B 84, no. 11 
(2011): 115401. 
[49] Flege, J. I., E. Vescovo, G. Nintzel, L. H. Lewis, S. Hulbert, and P. Sutter. "A new 
soft X-ray photoemission microscopy beamline at the National Synchrotron Light 
Source." Nuclear Instruments and Methods in Physics Research Section B: Beam 
Interactions with Materials and Atoms 261, no. 1 (2007): 855-858. 
[50] See the Supplemental Material section of the paper:  
http://link.aps.org/supplemental/10.1103/PhysRevLett.111.106801 for more details 
about sample preparation, ARPES configuration, and matrix-element analysis. 
[51] Sutter, Peter, and Eli Sutter. "Microscopy of graphene growth, processing, and 










Substrate Interactions with Suspended and Supported 
Monolayer MoS2 – An ARPES Study 
In this chapter, we report the direct measurement of the electronic structure of 
exfoliated monolayer molybdenum disulfide (MoS2) using micrometer-scale angle-
resolved photoemission spectroscopy. Measurement of both suspended and supported 
monolayer MoS2 elucidate the effects of interaction with a substrate. A suggested 
relaxation of the in-plane lattice constant is found for both suspended and supported 
monolayer MoS2 crystals. For suspended MoS2, a careful investigation of the measured 
uppermost valence band gives an effective mass at Γ̅ and Κ̅ of 2.00 m0 and 0.43 m0, 
respectively. We also measure an increase in the band linewidth from the midpoint of Γ̅ −










Two-dimensional (2D) crystals of monolayer transition metal dichalcogenides 
(TMD) are of increasing interest both for their unusual physics and for their potential use 
in novel nanoelectronic devices [1][2]. In particular, their substantial intrinsic bandgap of 
1.3-1.9 eV [3], which is thickness dependent, makes them a promising alternative to the 
most well studied 2D material, graphene, which lacks an intrinsic bandgap. Several 
fabrication techniques, including micromechanical exfoliation, chemical vapor deposition, 
and molecular beam epitaxy have been used to produce atomically thin TMD sheets on a 
variety of substrates. However, the substrate and any adsorbates may affect the electronic 
structure of TMD crystals and films via a modification of their dielectric environment or 
by the introduction of short- or long-range disorder. The latter is caused by chemical 
bonding or surface roughness. Particularly, in their monolayer form, interactions with a 
supporting substrate or adsorbed impurities are also known to influence the electronic 
structure [4] and significantly affect the electrical performance of van der Waals materials 
[5][6]. In addition, it has been shown that the substrate dielectric constant plays an 
important role in determining the excitonic binding energy as well as quasiparticle lifetime 
in 2D layered materials [7][8]. Such phenomena thus make understanding of the effects of 
the substrate on 2D materials of pressing importance for both fundamental studies and 
potential applications in devices. 
In order to minimize the effect of substrate interactions on atomically thin crystals, 
one of two different ameliorating procedures is typically utilized. One approach is to 




in the process, induce electron doping of the sample [9]. Another approach reduces 
interaction by placing samples over patterned cavities or trenches etched into a supporting 
substrate [10][11]. Samples prepared using either of these approaches have shown that 
suspended MoS2 samples exhibit altered electronic properties from those of MoS2 
supported directly on the substrate, including a photoluminescence blueshift in the optical 
gap in freestanding monolayer MoS2 [12] and a 2- to 10-fold improvement in the carrier 
mobility in suspended MoS2 [13].  
In this chapter, we study the properties and key parameters of suspended monolayer 
MoS2 by measuring its electronic structure using micrometer-scale angle-resolved 
photoemission spectroscopy (µ-ARPES). For comparison, measurements on substrate-
supported monolayer MoS2 were also carried out to provide a baseline case, in which a 
substrate was present. In addition, the results were independently cross examined using a 
spectroscopic photoemission-low energy electron microscope (SPELEEM) system. First, 
our measurements suggest that there is a change in the lattice constant of monolayer MoS2 
vs. that in its bulk crystal form. In particular by determining the absolute size of the surface 
Brillouin zone (SBZ) of monolayer MoS2, we find a ~3.6% decrease in the SBZ, indicative 
of a ~3.6% expansion of the in-plane lattice parameter (denoted as a in Figure 6.1(d)), 
compared to bulk MoS2. Second, our results provide insight into the effect of the substrate 
on the monolayer MoS2 electronic structure. Due to interactions with the substrate in 
supported monolayer MoS2, band structure distortion is observed in comparison to the 
suspended case. Third, by fitting our measured band dispersions, we extract the effective 




6.2 Experimental Methods 
Our experiments were performed at two synchrotron beamlines. The first was the 
Spectromicroscopy Beamline at the Elettra Synchrotron light source [14], which provided 
scanning photoemission microscopy (SPEM) and micro-ARPES measurements of 
suspended and supported monolayer MoS2. The spectrometer energy resolution of this 
instrument was set to 100 meV at a 27 eV incident photon energy and with a beam spot 
size of 1 μm in diameter. ARPES band structure measurements were also obtained on a 
SPELEEM system at the National Synchrotron Light Source (NSLS) beam line U5UA 
[15][16]. The SPELEEM instrument also allowed imaging by photoemission electron 
microscopy (PEEM). For both measurements, the samples were annealed in ultra-high 
vacuum for 2 hours at ~350 °C prior to the acquisition of photoemission spectra.  
Our crystal samples were exfoliated monolayer MoS2 flakes, which were examined 
and calibrated using Raman spectroscopy. To obtain areas of suspended MoS2, coexisting 
with supported regions of the flakes, substrates patterned by lithography and etching were 
used. As schematically shown in Figure 6.1(a), a grid pattern of cylindrical cavities with 
diameters of 2 or 5 μm, and depths of 1 μm were etched into a Si wafer covered with a 
native oxide; monolayer MoS2 flakes were then exfoliated and transferred onto the 
patterned substrate using the same procedure as described in Ref.[17]. SPEM was used to 
characterize the sample before investigating the band structure in-situ with µ-ARPES. 
Figure 6.1(b) & (c) show an optical image of an exfoliated monolayer MoS2 flake before 
transfer onto the patterned substrate, and the corresponding SPEM image of the partially 




suspended MoS2, supported MoS2, and the bare substrate is obtained by acquiring locally 
excited photoelectrons in a kinetic energy window of 18-22 eV, imaged by scanning the 
sample. Figures 6.1(e) & (f) show an optical image of a MoS2 flake before transfer, and 
the corresponding PEEM image of the same flake after transfer to the patterned substrate. 
Both SPEM and PEEM measurements show clear contrast between suspended and 
supported MoS2; thus allowing accurate selection of regions of interest for µ-ARPES 
measurements in the two different sample regions.  
 
Figure 6.1 (a) Sketch of the sample configuration. Monolayer MoS2 flakes were transferred 
onto patterned silicon chips (blue) with native oxide (purple). (d) Atomic structure of 
monolayer MoS2. The in-plane lattice constant is denoted as a, and the interplane distance 
between Mo and S atomic planes in the same ‘monolayer’ sheet is denoted as z. (b) & (e) 
Optical microscope images of the exfoliated monolayer MoS2 samples. (c) Scanning 




with a photon energy of 27 eV by collecting photoelectrons with an energy window of 18-
22 eV. The area of monolayer MoS2 flake is enclosed by a dashed pink frame, and the 
suspended regions are marked with black circles. (f) PEEM image of sample shown in 
panel (e). 
6.3 Experimental Results 
6.3.1 ARPES Band Mapping 
Figures 6.2(a)-(b) show the µ-ARPES band maps of suspended monolayer MoS2 
along the Γ̅-?̅?and Γ̅-?̅? high-symmetry lines of the SBZ, respectively. To better visualize 
the ARPES features, we perform 2D-curvature processing [18], which is similar to the 
widely used 1D second-derivative method. The 2D-curvature intensity plot is shown in 
Figure 6.2(c). For the µ-ARPES measurements performed at Elettra, the off-normal photon 
angle-of-incidence uses different selection rules than that of the normal photon angle-of-
incidence configuration of the SPELEEM system at U5UA; this difference enabled us to 
observe the previously invisible S 3p-derived bands [19]. By measuring beyond the first 
SBZ, we determined the positions of ?̅? and ?̅?, and found that ΓK̅̅̅̅  = 1.28 ± 0.04 Å−1, and 
ΓM̅̅ ̅̅  = 1.11 ± 0.04 Å−1, values which are 3.58 ± 3.01% smaller than those of the bulk SBZ 
(ΓK̅̅̅̅  = 1.3256 Å−1, ΓM̅̅ ̅̅  = 1.1479 Å−1); see Figure 6.3. While this result is limited by the 
large error, our measurement suggests the presence of a ~3.6% lateral lattice expansion in 
monolayer MoS2 compared to bulk, yielding a lattice constant of 3.28 ± 0.10 Å . In X-ray 
diffraction and Raman-scattering studies of single layer MoS2 prepared by exfoliation of 




lattice constant expands to 3.27 ± 0.015 Å, about 3.5% larger than the accepted bulk value 
(3.16  Å ) [20]. The authors attributed this lattice expansion to a change in the Mo 
coordination from trigonal prismatic for the case of dry MoS2 to bulk octahedral for the 
water immersed MoS2. On a different but related note, there have also been several reports 
of a blue-shift in the in-plane 𝐸2𝑔
1  phonon mode of monolayer MoS2 [21], which has been 
attributed to reduced interlayer interaction [22]. Our observation of a larger in-plane lattice 
constant for monolayer Mos2 would be expected to produce a redshift in the in-plane 𝐸2𝑔
1  
phonon mode. It thus appears that the reduced interlayer interaction has more of an effect 
on this phonon mode than our experimentally suggested in-plane lattice constant expansion. 
We should also note that in our previous SPELEEM measurements, we calibrated the 
momentum space by assuming that the lattice spacing is unaffected when a MoS2 crystal 
is thinned down to a monolayer, i.e., we assumed the same in-plane lattice parameter as for 





Figure 6.2 (a)-(b) Micro-ARPES band maps of suspended MoS2 along Γ̅ − Μ̅ and Γ̅ − Κ̅, 
respectively. (c) 2D-curvature intensity plot of the suspended MoS2 bands along ?̅? − Γ̅ −
?̅? high symmetry line. (d)-(e) ARPES band maps of supported MoS2 along Γ̅ − Μ̅ and Γ̅ −
Κ̅, respectively. (f) 2D-curvature intensity plot of the supported MoS2 bands along ?̅? −
Γ̅ − ?̅? high symmetry line. DFT-calculated bands using the relaxed lattice parameters are 





Figure 6.3 2D curvature plot of the uppermost valence band (UVB) of suspended 
monolayer MoS2 along high symmetric direction. Pink dashed lines mark the local 
maximum of the UVB extracted from ARPES measurement and the yellow dashed lines 
denote the positions of M̅ and Κ̅ using the lattice constant of bulk MoS2.  
6.3.2 DFT Calculation 
There are a plethora of density functional theory (DFT) calculations on the band 
structure of monolayer MoS2. In addition, there have been several studies of the relaxation 
of the in-plane lattice constant by way of structural optimization calculations [23-25]. 
While a thorough theoretical understanding of the full lattice relaxation of MoS2 is beyond 
the scope of this experimental study, we have performed DFT calculations using a range 
of different out-of-plane lattice constants with the primary purpose of seeking better 
agreement with our measured electronics structure. In particular, we used the ABINIT code 
[26, 27], with a generalized gradient approximation (GGA) functional [28]; note that Van 
der Waals interactions are not pertinent for calculation of our experimentally realized 




modification of the intraplane distance (denoted as z in Figure 6.1(b)) between the Mo and 
S atomic planes while utilizing the experimentally determined in-plane lattice constant 
stated above. Our result shows that when z is allowed to increase by ~2% compared to its 
bulk value (z = 1.586Å ) [29], the calculated bands agree surprisingly closely with the 
experimental measurements, even though our calculation does not capture many of the 
detailed physics of our crystal, such as spin-orbit coupling. Note that our suggested increase 
in z is in contrast to a low-energy-electron-diffraction study of the top layer of single-
crystal bulk MoS2, which reported a ~5% decrease of z within the topmost layer [30]. We 
again note that our deduction of an expansion of the out-of-plane lattice constant is driven 
simply by a desire to seek better agreement of the DFT-derived bands with measurements 
and is not a definitive finding. 
6.3.3 Discussion 
The intrinsic nature of the experimentally suggested increase in the in-plane 
monolayer lattice constant is supported by our µ-ARPES measurements of supported 
monolayer MoS2, from which an approximately identical relaxed lattice constant, within 
our error, is extracted (a = 3.30 ± 0.10 Å , see supplementary materials). Figures 6.2(d)-(e) 
show the ARPES band maps of supported monolayer MoS2 along the Γ̅-M̅and Γ̅-K̅ high-
symmetry lines of the SBZ, respectively. Figure 6.2(f) is the corresponding 2D-curvature 
intensity plot [18]. Our calculated bands (using the relaxed lattice parameters) are overlaid 
onto Figure 6.2(a)-(f) for comparison. Note that Figure 6.2(a)-(b) & (d)-(e) are all 




Note that, as shown in Figure 6.2 (e) & (f), the valence band maximum at K̅ is still 
higher than that at Γ̅, which means that the relaxation of the lattice constant for monolayer 
MoS2 does not alter the location of the valence band maximum in the BZ. This result 
indicates that the key conclusion in our previous work [19], i.e., the valence band maximum 
shift from Γ̅ to K̅, when MoS2 is thinned down to 1ML, remains intact.  
In our previous study, we had also tentatively attributed a “compression” in the 
measured dispersion of the UVB, relative to the DFT derived UVB, to surface interaction. 
The present work, which measures both supported and suspended monolayer MoS2, 
suggests, on the other hand, that the compression is predominately due to lattice relaxation. 
While surface interactions are present, we deduce them to be relatively weak, due to the 
fact that electronic structure of the substrate-supported monolayer MoS2 does not differ 
significantly from that of the suspended case. 
TABLE I: Effective mass extracted from DFT calculation (Ref. [18], [23]-[26]) and 
ARPES measurements. 
 Package/functional 𝛤 𝛫 
S.W. Yun et al FLAPW/GGA 3.524 0.637 
Andor Kormányos et al VASP/HSE06 2.24 0.53 
H. Peelaers et al VASP/HSE06 2.8 0.44 
T. Cheiwchanchamnangij et al Quasiparticle GW/LDA 3.108 0.428 
Experiment on suspended MoS2 N/A 2.00 0.43 
Experiment on supported MoS2 N/A 1.85 0.48 





6.3.4 Effective Mass 
Figure 6.4(a) shows the UVB of suspended monolayer MoS2 and Figure 6.4(b)-(c) 
along with the corresponding energy distribution curves (EDCs). Our measurements of 
suspended MoS2 that are free from substrate interaction, and the access to precise absolute 
parallel momentum values afforded by the spectromicroscopy instrumentation, enable us 
to fully investigate the effective mass (meff) of intrinsic MoS2. Note that effective mass is 
a particularly important parameter in transport measurements since it plays a crucial role 
in determining the sample mobility. Despite many theoretical predictions of the effective 
mass of monolayer MoS2, there remains a glaring lack of agreement. Further transport 
measurements of the effective mass have thus far been lacking. Table I summarizes several 
predicted values of the effective mass reported by different theoretical groups using 
different DFT techniques/functionals (Ref. [7], [25], [33]-[35].) The simplest approach to 
fitting the data uses a parabolic fitting over a range of ±0.08 Å -1; we extract the effective 
mass at Γ̅ and Κ̅ to be (2.00 ± 0.35)m0 and (0.43 ± 0.02)m0, respectively. The value at Κ̅ 
agrees most closely with the value reported by Kormányos et al., while the value at Γ̅ is 
very close to the value reported by Cheiwchanchamnangij et al.  
In the substrate-supported case, we extract values of the hole effective mass that 
are not too different from that of intrinsic, i.e., suspended MoS2. We find values of meff at 
Γ̅ and Κ̅ of (1.85 ± 0.22)m0 and (0.48 ± 0.02)m0, respectively. We note that the effective 
mass value stated here is somewhat lower than that quoted in our previous work [19].  We 




available using the SPEM; also, the inverse relation between dispersion and effective mass 
accentuates small differences in the relatively flat dispersion around Γ̅.  
 
Figure 6.4 (a) UVB of suspended monolayer MoS2. (b)-(c) EDCs of the UVB along the Γ̅-
Κ̅ and Γ̅-Μ̅ direction, respectively. (d) Gaussian linewidth vs momentum plot. The blue 
dashed lines are the guide to the eyes to trace the evolution of the linewidth with momentum. 








6.3.5 Spin-Orbit Coupling 
At Κ̅ in crystal momentum space, the UVB of monolayer MoS2 is derived primarily 
from the Mo 𝑑𝑥2−𝑦2/ 𝑑𝑥𝑦 orbitals. Due to broken inversion symmetry and strong spin-orbit 
coupling, a spin-splitting of 148 meV at Κ̅ has been predicted by theory [23]. This splitting 
in the upper valence band has been of recent interest for exploration of the coupling of spin 
and valley degree of freedom in MoS2 [36]. Since we were not able to directly resolve this 
spin-orbit splitting in our ARPES measurements, we did examine carefully the variation of 
the linewidth of the upper-most valence band with change in crystal momentum, and 
observe the following. We performed single Gaussian peak fitting (with a linear 
background) to the EDCs of the upper-most valence band to extract the FWHM of the 
Gaussian peak. The linewidth vs momentum plot is shown in Figure 6.4 (d). Using the blue 
dashed line as a guide to the eye, we find that the EDC linewidth remains constant with a 
small variation (450 ± 19 meV) from ?̅? to the midpoint (defined as ?̅?) of 𝛤𝐾̅̅ ̅̅ . Note that 
the relatively bigger error bars in the vicinity of k|| = -0.5Å
-1 is due to the vanishing 
spectrum intensity. In the vicinity of the midpoint of 𝛤𝐾̅̅ ̅̅ , which is enclosed by a black 
dashed box in Figure 6.4(a) & (d), the linewidth gradually increases. In the vicinity of ?̅?, 
the linewidth (528 ± 13 meV) is found to be larger than that at ?̅? and 𝛤.  
Regarding the origin of this increased linewidth, we make the following 
observation. There are two possible explanations for this sharp linewidth increase in the 
vicinity of ?̅? to ?̅?: 1) a decrease in the quasi-particle lifetime or 2) a splitting of the spin 
degenerate band into two bands due to spin-orbit coupling. We favor the latter explanation 




However it is clear that a definitive conclusion of this linewidth increase awaits higher 
resolution studies.   
6.4 Conclusion 
In conclusion, we have performed ARPES measurements on the valence bands of 
suspended and supported monolayer MoS2. Our ARPES measurements of suspended MoS2 
reveal good qualitative and quantitative agreement with theory and elucidate the effects of 
a native-oxide covered Si substrate on the band structure of monolayer MoS2. We find a 
suggested expansion of the in-plane lattice constant and deduce an expansion of the intra-
plane lattice constant, which may be indicative of an atomic structure that is sensitive to 
stacking. Fitting of the measured valence band dispersion provides an experimentally 
derived value for the effective mass of both suspended and substrate-supported monolayer 
MoS2. We also measure an increase in the linewidth over the band region from the midpoint 
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Direct Measurement of the Tunable Electronic Structure of 
Bilayer MoS2 by Interlayer Twisting 
In this chapter, we explore beyond the direct bandgap, energy stable A-B stacked 
monolayer 2H-MoS2, and began a study of van der Waals bounded, indirect-bandgap 
bilayer MoS2. In particular, we investigate this simple stack with an artificial interlayer 
twist. Thus, using angle‐resolved photoemission, we directly measure the interlayer angle-
dependent electronic band structure of bilayer MoS2. Our measurements are performed on 
a chemical-vapor-deposition sample, with arbitrarily-stacked bilayer MoS2 flakes. Our 
measurements provide direct evidence for the evolution of the valence-band at Γ̅ with 
interlayer coupling tuned by the interlayer twist angle. Such a twist leads to an energy 
variation of ~200 meV for an interlayer twist angle of ~39°. Further, our direct 
measurements of the valence band provide a detailed outlook on the band dispersion that 
evolves with twist angle, such that we can extract the hole-effective- mass as a function of 
the interlayer coupling. These results directly confirm theoretical explanations given in 
recently published photoluminescence reports, and provide insight to the understanding of 
twisted-bilayer dichalcogenide device physics. This twisted bilayer MoS2 is also an ideal 





Van der Waals layered materials, especially the transition metal dichalcogenides 
(TMDs), can be prepared as atomically thin semiconductors[1] with high-quality homo- or 
hetero-junction interfaces without restriction of lattice matching or interlayer 
crystallographic alignment. The utilization of layered materials opens up potential 
applications for bandgap engineering by using strain [2], stacking up of layers [3][4], or 
building of heterojuntions [5]. For TMDs such as MoS2, MoSe2, WS2, and WSe2, their 
electrical, optical [1][6], and vibrational properties [7] are also known to be significantly 
dependent on interlayer coupling. One of the well-known consequences of interlayer 
coupling in TMDs is the direct-to-indirect bandgap transition from monolayer to multilayer 
films. The magnitude of the indirect band gap has also been predicted to vary with both the 
number of layers and the interlayer separation distance,[7] due to interlayer electronic 
coupling . To date, however, the experimentally-resolved electronic band structure of 
interlayer interaction in TMDs has only been studied in the case of crystallographically 
aligned layers, as found in samples exfoliated from bulk materials [1][6][7][8][9]. 
Recently, photoluminescence (PL) [10][11][12][13] and density functional theory (DFT) 
[14] studies on arbitrary-aligned bilayer MoS2 flakes prepared by stacking chemical-vapor-
deposition (CVD) monolayer MoS2 have been reported.  
Based on these recent PL results and their corresponding Raman measurements on 
characteristic phonon modes E2g and A1g for twisted-bilayer MoS2 [10][11][12][13], one 
can conclude that (1) the interlayer coupling of bilayer MoS2 has a local maximum for 60-




angle, and (3) the interlayer coupling is at a minimum when the twist angle approaches 30-
40 degrees. By way of density functional theory, these reports all attribute their results to 
a twist-angle-dependent layer separation, which consequently determines the amount of 
energy splitting of the highest occupied states around Γ̅. The extent of this energy splitting 
is reflected as a variation in the photon energy of the photoluminescence measurements. In 
light of these recent reports, it is important to confirm their findings using a different probe, 
and to verify their theoretical predictions via direct experimental measurements of the 
energy-momentum dispersion that is not accessible through photoluminescence studies. 
Furthermore, given the current intense interest in the field to the fabrication and electronic 
engineering of heterostructures composed of two-dimensional-monolayer materials, it is 
important to characterize the electronic structure via a direct band structure probing tool, 
such as angle resolved photoemission (ARPES).  
In this chapter, we directly measure the energy-momentum-dispersion of CVD-
grown and transferred twisted bilayer MoS2 (TBMoS2) for several twist angles ranging 
from 0° to 60° using micrometer‐scale angle‐resolved photoemission spectroscopy (µ-
ARPES). Utilizing bright-field (BF) low-energy electron microscopy (LEEM) we locate 
twisted bilayer regions of interest and determine their relative twist angle and region 
boundaries by way of micrometer‐scale low-energy electron diffraction (µ-LEED) and 
dark-field (DF) LEEM imaging. Our µ-ARPES measurements over the whole surface-
Brillouin zone reveal the Γ̅ state is, indeed, the highest lying occupied state for all twist 
angles, affirming the indirect bandgap designation for bilayer MoS2, irrespective of twist 




energy separation between the high symmetry points Γ̅ and K̅ of the highest occupied 
states; this energy separation is predicted to be directly proportional to the interlayer 
separation, which is a function of twist angle. We confirm this with our µ-ARPES 
measurements and we observe the same trend reported by the above mentioned 
photoluminescence and Raman studies. We also confirm that this trend is a result of the 
energy shifting of the top-most occupied state at Γ̅ , which was predicted by DFT 
calculations [10]-[14]. Finally, we also report on the variation of the hole effective mass at 
Γ̅ and K̅ with respect to twist angle and compare it with theory. 
 
Figure 7.1 Bright field and dark field LEEM images of TBMoS2 of twist angle (a), (b) at 
47° and (c), (d) at ~0°, respectively. The CVD-grown MoS2 exhibits islands and a continent 
of patches. Both were used in our experiment. The markers in (a) and (c) indicate where 
the measurement were taken. In (a), the spot 1 sits on the top layer (triangular) and the spot 
2 lies on the large flake that extended outside the top layer. The same goes in (c), where 
the top and bottom flakes are both triangular. Since their twist angle is nearly zero, their 
(d) DF image shows almost of contrast difference, and their (e), (f) LEED pattern 
orientation is the same. The electron energies used were (a) 3.5eV (b) 40eV (c) 4.6eV (d) 




7.2 Experimental Methods 
Our measurements were performed using the spectroscopic photoemission and 
low-energy electron microscope (SPE-LEEM) system at the National Synchrotron Light 
Source (NSLS) beamline U5UA [15][16]. The spectrometer energy step of this instrument 
was set to 100 meV at 42 eV incident photon energy with a beam spot size of 1-μm 
diameter. The momentum resolution is ~0.02 Å -1. The TBMoS2 samples were stacked and 
pre-transferred to a native-oxide covered Si substrate. After transfer, the sample was 
checked by Scanning Electron Microscopy (SEM) to confirm whether the transfer was 
successful (Figure 7.1(a)), since few-layer MoS2 films lack optical contrast on a native-
oxide Si substrate. Prior to measurements, these samples were annealed at 350°C for ~12 
hours under UHV conditions to remove contaminants. BF/DF LEEM and PEEM were 
utilized as they provide rich information on surface morphology and work function 
information for the post-transferred TBMoS2 (Figure 7.1(b)-(d)).  
7.2.1 Sample Preparation 
Measuring bilayer MoS2 of different twist angles is made possible by transferring 
two sheets of chemical vapor deposition (CVD) grown monolayer MoS2, one on top of 
another, on a native-oxide Si substrate [3][17]. The monolayer CVD MoS2 samples were 
prepared using the solid precursor growth technique [18] on a 285nm SiO2 coated Si chip. 
The growth substrates were pre-cleaned in acetone and isopropanol, followed by 2 hr 
rinsing in Piranha solution and 2 minutes of O2 plasma etching. More details on the growth 




different shaped flakes ranging from triangular/polygonal islands to large continuous 
patches. The thickness of the sample is examined by Raman and photoluminescence 
spectroscopy [19][20] prior to transfer. Two sheets of ML CVD MoS2 containing 
randomly-orientated flakes are transferred on a native-oxide Si substrate; this allows one 
to create arbitrary bilayer MoS2 flakes and patches exhibiting different twist angles.  
 
Figure 7.2 The making of TBMoS2 via transferring two monolayer CVD grown MoS2 
sheets on a native-oxide Si substrate. Note that the interface of the two ML MoS2 remains 
clean during transfer, only exposed to air for a short time. 
Figure 7.2 shows the flowchart of the transfer method. CVD grown MoS2 on 
SiO2/Si (flake A) was carefully laid afloat on a 1M KOH solution, with a PDMS stamp 
pressed on the MoS2 surface to support the flakes and to protect the surface cleanness. The 
KOH etched away the SiO2 epi-layer, causing the chips to fall off, and leaving the 




day, and scooped up using a PDMS sample holder. After removing the first PDMS cover 
from the stack, the MoS2 was cleaned in a vacuum desiccator, and then was stamped onto 
another CVD MoS2 (flake B) on SiO2/Si. Notice that the interface of the two MoS2 
monolayers are clean and untouched by any solution. Now, the PDMS sample holder used 
earlier was removed from the MoS2/MoS2/substrate stack and a layer of cellulose acetate 
butyrate (CAB) polymer was spin-coated on top of the stack. Extra CAB polymer was cut 
out, leaving only a square of CAB covering the MoS2 flakes. A drop of water was put along 
the cut to help peel off the SiO2/Si substrate. Note that the MoS2 flakes are prone to attach 
to the CAB film instead of the SiO2/Si substrate. The CAB/MoS2/MoS2 stack was then 
stamped on a native-oxide Si substrate that has been cleaned and pre-patterned with Au 
alignment marks. Now, the whole chip was immersed in acetone to dissolve the CAB layer, 
then rinsed in DI water, and then dried in a vacuum desiccator to complete the transfer. 
7.2.2 Sample Identification and Quality Check 
Sample quality and crystal orientation of TBMoS2 were examined using both BF- 
and DF- LEEM and µ-LEED (Figure 7.1).DF-LEEM greatly enhances the contrast 
between ML MoS2 flakes of different crystal orientations (Figure 7.1(b) and 7.1(d)), as 
compared to BF-LEEM (Figure 7.1(a) and 7.1(c)). DF-LEEM also allows us to identify the 
boundary of the region of interest. Note that in Figure 7.1(d), for the case of the ~0° twist 
angle, the DF-LEEM image shows the same relative contrast between the top (red line) and 
bottom (yellow line) layer as in the case of BF-LEEM, as expected for identically oriented 
layers. The corresponding diffraction patterns (at a primary electron energy of 40 eV) of 




respectively. At this energy, the LEED patterns clearly show a 3-fold symmetry, and can 
be used to identify crystal orientation. Note that the LEED pattern of TBMoS2 at this energy 
corresponds to the orientation of the top-most layer due to the limited electron penetration 
depth [21].  
7.3 Experimental Results 
 
Figure 7.3 (a) Atomic photoionization cross-section for Mo 4d and S 3p subshells as a 
function of ARPES photon energy. At 42eV, Mo 4d has a higher photoionization cross-
section than that of S 3p by an order-of-magnitude difference. Therefore, the dominant 
features in our ARPES measurement are the contributions of Mo 4d subshell. Note also 
that the Cooper minimum of the S orbital is ~34eV. (b) DFT-calculated electronic structure 
of TBMoS2 at 60° (solid lines) and 30° (dashed lines), highlighting the impact of layer 




60° by ~0.3 Å . The band of the top-most valence band at Γ̅  varies strongly with the 
interlayer spacing change, while the K̅ point at conduction band minimum and valence 
band remains intact. µ-ARPES measurements of TBMoS2 cut along M̅-Γ̅-K̅ at (c) 0° (d) 
13° (e) 26.5° (f) 39° (g) 47.5° (h)60°. The overlaying white lines are DFT-calculated bands. 
ARPES intensity maps were normalized for each direction, Γ̅-K̅ and Γ̅-M̅, independently to 
achieve better contrast. 
7.3.1 ARPES Band Mapping 
Our µ-ARPES measurements of twisted bilayer MoS2 along the high symmetry 
directions M̅-Γ̅-K̅, covering twist angles θ =  0° (AA stacking), 13°, 26°, 39°, 47° and 60° 
(AB stacking, normal bilayer), are shown in Figure 7.3. (The 60° data was taken from an 
earlier report [3]).  The electronic structure of the top-lying valence bands of MoS2 is 
derived from hybridization of the Mo 4d and S 3p orbitals [22][23] each of which possesses 
a strongly varying photon-energy-dependent photoionization cross-section [24], as shown 
in Figure 7.3(a). In our measurement, a photon energy of 42eV was utilized, for which the 
corresponding photon ionization cross-section of the Mo 4d subshell is an order of 
magnitude larger than that of S 3p (indicated by the vertical dashed line in Figure 7.3(a)). 
Thus, the primary contribution to our µ-ARPES measurements, shown in Figure 7.3(c)-
(h), are from the Mo 4d orbitals. In our experiments, the incident photon flux was directed 
normal to the sample surface so that its polarization is in the plane of the MoS2 layers, thus 
suppressing excitation of states with out-of-plane character. This explains why the Mo- and 




uppermost valence band (UVB) near Γ̅ have a consistently relatively weaker, but non-zero, 
intensity. 
The bandgap of bilayer MoS2 has previously been reported to be an indirect 
transition of ~1.6 eV [3][6] between the valence band maximum (VBM) at Γ̅ and the 
conduction band minimum (CBM) at K̅ , as shown in Figure 7.3(b). Based on our 
measurement of the Fermi energy, the lower bound of the bandgap of TBMoS2 must be 
greater than 0.9 eV; this result also suggests that our CVD-grown TBMoS2 is slightly 
electron-doped. As deduced from theoretical calculations [14] and photoluminescence 
measurements [10][11][12][13], the evolution of the uppermost valence band and the 
lowermost conduction with twist angle in TBMoS2 changes only the VBM at Γ̅, while 
leaving the VBM at K̅ and the CBM at K̅ almost intact (the direct gap changes by ≤ 20 meV  
between 30° and 60° of twist angle [10]). This situation is confirmed by DFT calculations 
for twist angles between 30° and 60°, shown in Figure 7.3(b) and in our ARPES-measured 
band structure in Figure 7.3(c)-(h), which shows a changing Γ̅ state and a fixed K̅ state for 
several twist angles and referenced to the Fermi level. To see this Γ̅ state evolution more 
clearly, we used the second-derivative filtering method to extract the top-most valence 
band for each twist angle as shown in Figure 7.4. The bands were referenced with respect 





Figure 7.4 (a)-(f): The corresponding second-derivative-filtered top-most valence band of 
Fig. 2 (c)-(h), respectively. The number overlaid on each bands is an averaged value of the 
energy difference of Γ̅ and K̅ over all six high symmetry directions K̅-Γ̅-K̅. 
7.3.2 Twist Angle Dependent Bandgap Transition 
In Figure 7.4, it is clear that for TBMoS2 the VBM lies at Γ̅ instead of K̅, contrary 
to the ML case, in agreement with earlier ARPES [3][25] and photoluminescence 
[10][11][12][13] reports which correspond to an indirect transition shown in Figure 7.3(b). 
The VBM at Γ̅ shifts downward in energy as the twist angle is varied from 0° or 60° to 
~40°. This is explained by the weakening of interlayer-coupling that affects only the out-
of-plane Mo 𝑑z2  and S 𝑝𝑧 orbitals, i.e., the states located about Γ̅.  Note that in Figure 7.4, 
the indicated values, which denote the energy difference between the Γ̅ and  K̅ valence 
band maxima, were derived from the averaged value of all six high-symmetry equivalent 
directions, Γ̅-K̅, via careful peak fittings. These extracted values are further compared to 





Figure 7.5 (a) Atomic structure of each twist angle measured in this work. The arrows 
denoted the orientation of each layer. (b) Calculated interlayer spacing and its 
corresponding energy difference between VBM at Γ̅ and K̅ versus twist angles, derived 
from DFT. The interlayer spacing is defined as the separation between the Mo-Mo or S-S 
layers, and is referenced with respect to the 60° (normal bilayer MoS2). This result is 
adapted from Arend et al. [10]. (c) A comparison of the energy difference from our ARPES 
results (blue lined-dots), the PL measurement [10] (solid circles), and the calculation [10] 
(empty circles). Note that the ARPES and PL data are normalized for comparison by 
aligning at 60°.  
The origin of the band gap opening with twist angle is the interlayer coupling that 
predominately affects valence band states derived from out-of-plane orbitals. The relative 
orientation of the top and bottom layers of bilayer MoS2 leads to a change in the interlayer 




the degree of interlayer coupling (see Figure 7.5(b)). The VBM at Γ̅, derived from out-of-
plane Mo 𝑑z2   and S 𝑝𝑧  orbitals, is sensitive to the out-of-plane interlayer coupling . 
Increasing the twist angle of TBMoS2 from 0° to 30-40°, decreases the interlayer spacing 
and thus leads to a decrease in the interlayer coupling, resulting in an overall downward 
shifting in energy up to 200 meV of the Γ̅ state. Since the K̅ state, either occupied or un-
occupied, is effectively invariant to the interlayer coupling for the range of interlayer 
spacings encountered here, the interlayer-twisting-induced bandgap shift is solely 
determined by the Γ̅ state. This correlation between twist angle and both the indirect optical 
excitation and the K̅ - Γ̅  energy difference is shown using previously reported PL 
measurements and our ARPES measurements, respectively, in Figure 7.5(c). The evolution 
of the K̅ - Γ̅  energy difference vs twist angle is clearly observed by our ARPES 
measurements, which shares the same trend with the PL data [10] and theoretical 
calculations [10]. Note that the ARPES and PL data shown in Figure 7.5(c) are aligned 
with respect to the 2H (60degree) bilayer MoS2 and the error bars denote the standard 
deviation of the fittings from all six high-symmetry equivalent directions, which are well 
under the detector error of ± 0.10 eV. Thus, this result provides direct experimental 
evidence for the mechanism controlling the indirect bandgap opening in a bilayer MoS2 
system by interlayer angle twisting.  
In addition, note that the interlayer spacing is slightly different between θ = 0° and 
60° as shown in Figure 7.5(b), and it reaches a maximum value at θ = 30-40°. This result 
leads to the asymmetry in energy between θ = 0° and 60°, and a global energy maximum 




calculations provided in Ref.[10]-[14], the twist angle of 0° can have an interlayer spacing 
that is either equivalent to or slightly different from that of 60° due to different atomic 
registrations. This can be understand by considering a finite in-plane translational 
displacement in the AA-stacking configuration which leads to a change in the interlayer 
spacing. Note, however, that this in-plane displacement or horizontal registration is not 
directly responsible for energy shifting or bandgap variation [12][14], likewise, twisting 
the layers but keeping the interlayer separation fixed will not change the interlayer coupling 
strength, as predicted by DFT [10]. Further discussions can be found in Ref. [10][12][14] 
and their supplemental materials. We also note that we don’t see evidence of coupling due 
to long range structural order, e.g. Moiré, in our measurements. 
7.3.3 Effective Mass 
Hole Effective Mass (Å -1) vs Twist Angle (θ°) 
 0° 13° 26° 39° 47° 60° 
At K 0.91 ± 0.07 1.55 ± 0.06 1.57 ± 0.09 1.30 ± 0.19 1.10 ± 0.10 1.06 ± 0.31 
At Г 0.50 ± 0.03 0.44 ± 0.13 0.48 ± 0.09 0.48  ± 0.07 0.60  ± 0.03 0.56 ± 0.06 
Table 1 Hole effective mass in unit of electron mass me, extracted from ARPES measured 





Figure 7.6 Plot of hole effective mass vs twist angles. The hole effective mass at Γ̅ appears 
to be angle independent, though the accuracy of resolved band near Γ̅ is limited by the 
ARPES selection rule. The hole effective mass at K̅ is angle-dependent and has a maximum 
near 30°. 
An analysis of the curvature of the bands from the µ-ARPES measurements also 
allows us to deduce the effective mass of TBMoS2. Figure 7.6 shows the evolution of the 
hole effective mass at K̅ and at Γ̅ for each measured twist angle; the corresponding values 
are also found in Table 1. We find that the hole effective mass at Γ̅ varies very little with 
twist angle, and has an average value of 0.51 ± 0.03m0 (where m0 is the electron mass), 
indicated by the red dashed line as a guide to the eye in Figure 7.6. However, the hole 
effective mass at K̅ has a significant variation of up to ~70% between θ = 0° and 26°. Also, 
the hole effective mass at K̅ is in general larger than that predicted by DFT calculations 
[11] for twist angles away from 30° (0.91 ± 0.07 vs 0.582 at 0°and 1.06 ± 0.31 vs 0.577 at 
60°), but becomes comparable when reaching 30° (0.48 ± 0.09 at 26° vs 0.44 at 30°). The 
origin of the discrepancy between experiment and DFT calculations is uncertain at this 




direction does contribute to the measurement error. However, it is also apparent that there 
is an overall difference in band dispersion between theory and experiment. We note that 
“renormalization” in bands of other similar 2D dichalcogenides have also been reported 
[26][27][28][29]. 
7.4 Conclusion 
In conclusion, we have studied the surface structure and occupied electronic bands 
of CVD-grown and transferred bilayer MoS2 with arbitrary twist angles ranging from 0° to 
60°. Bright field LEEM provided real-space structural measurements of TBMoS2, while 
dark-field LEEM imaging, combined with µ-LEED, helped us define the interlayer crystal 
orientations. Our µ‐ARPES measurements have probed the occupied valence-band 
structure of bilayer MoS2 at twist angles of 0°, 13°, 26°, 39°, 47°, and 60°. We observed 
an energy shift of up to 200 meV at the VBM at Γ̅ when the twist angle reaches 40°. Since 
the VBM and CBM at K̅ are predicted to be independent of interlayer twisting, bandgap 
opening is solely determined by the energy level of the VBM at Γ̅. This variation at Γ̅ is 
due to the evolution of the interlayer coupling strength which in turn is a function of the 
interlayer spacing. Thus, the Γ̅ VBM state shifts in energy with twist angle, and thus one 
can tune the bandgap of bilayer MoS2. This observation agrees well with theory and PL 
measurements. We expect that these results will provide physical insight to the 
understanding of the optical and electronic properties of TBMoS2, and to engineering the 
bandgap by tuning the interlayer coupling, since the ability to control the interlayer 
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2PPE Study on Coverage-dependent Interfacial Charge 
Transfer Barrier, Work Function, and Electronic Structure at 
2D Molecule/Metal Interfaces 
 
This chapter briefly discusses our experiments with 2PPE. The experiments incldue 
works on (1) organic self-assembled monolayers (SAMs) of thiolates and fluorinated 
thiolates on Cu(111) and their interfacial electronic structure of as a function of molecular 
coverage; (2) electronic structure of a hexa-cata-hexabenzocoronene (HBC) / Cu(111) 
interface from 0 to 2 monolayers; (3) image states of epitaxial-grown graphene on Ir(111). 
Our goal is to improve our fundamental understanding of adsorbate-induced interfacial 
charge barrier and coverage dependent electronic structure of an extreme hetero-layer of a 
single crystal metal. In addition, these works shed light on the intermediate states and 
image potential state of 2D surface system. Our publications related to this chapter can be 











Organic-materials-based electronics are of increasing interest because their 
materials system can be lightweight, thin, flexible and exhibit new functionalities [4]. 
Despite these advantages major challenges remain in improving their performance; these 
include increased efficiency, control of electronic and optical properties, and reduction of 
any spurious reactivity.  In most cases understanding interfacial electronic structure is one 
of the most important factors in solving many of these chemical and electronic issues 
[4][5]. For example, since organic interfaces are complex and manifold, it is necessary to 
influence or control electronic structure to make transport through the interface facile. In 
addition, interfacial charge physics are important for determining barrier heights for carrier 
transport [4][5][6]. Many of these fundamental science questions can be best addressed 
using a well characterized model interface. These include the nature of interface 
polarization, the height and thickness of interfacial energy barriers and level alignment, 
molecule control and chemical state, substrate sharpness, and local charge density.  
8.2 Coverage-Dependent Interfacial Electronic Structure of Thiophenol 
and p-Fluorothiophenol on Cu(111) 
Thiols have been of particular interest to the organic electronics community both 
as a model molecular type as well as one that is useful for a series of practical applications 
including nanoscale contacts and controlling thin films morphologies and interfaces [6]. 
Thiols are an organosulfur compound having a SH head group.  In some cases, thiols 




the head group, to form a self-assembled monolayer of the intact thiol or as thiolates, 
respectively, on metal surfaces [7].  These layers can be used to control the electron- or 
hole-injection barrier of an electrode by changing its work function. The selection of tail 
group can also be useful for work function tuning [6].  
In our study, we focus on one particular type of thiols: aromatic thiols, which can 
be an organic semiconductor with chemical contact to the substrate. As a result, 
understanding the interactions of this molecular class with surfaces and their interfacial 
electronic structure is needed to control charge transfer or transport properties. We use two-
photon photoemission (2PPE) to make a comparative examination of thiopheonol and 4-
fluorothiophenol (Figure 8.1) adsorbed on a Cu(111) surface as a function of coverage, i.e. 
0-0.3ML. The central difference between the two molecules is that in the latter the para-
positioned hydrogen is replaced by fluorine. This replacement leads to the dipoles of 
comparable magnitude, i.e. |µ0| = 1.24D for thiophenol and |µ0| = 1.11D for 4-
fluorothiophenol, but with very different dipole orientation, i.e. Δθ ~ 83°, based on a MP2 
calculation [8]. In our experiment setup, we use gas dosing within a UHV system to deposit 
thiol films of controllable thickness on a Cu(111) surface at 300K. Our 2PPE experiments 
have shown a marked difference in the interfacial dipoles of the two molecules and show 
how the interaction of the adsorbed molecule with the surface electron leads to a marked 





Figure 8.1: Thiophenol (TP) and p-flurothiophoenol (p-FTP) of aromatic thiols group self-
assembled on Cu(111) with varable coverage and their interface dipole formation. 
In the photoemission data, a series of secondary electron energy cutoff data show 
the vacuum energy level shift with coverage due to interface dipole formation and changes. 
A representative set of data, taken at normal incidence and hν = 3.76 eV (TP) and 3.88 eV 
(p-FTP) for a series of doses, is shown in Figure 8.2.  Prior to any exposure, measurements 
were made on the pristine Cu (111) surface, which in each case exhibited a sharp LEED 
pattern.  In Figure 8.2, as seen in Feature A, on the clean surface, an EDC from a clearly 
resolved Shockley surface state is obtained at the well known [10] binding energy of ~0.4 
eV.  When the surface was exposed to TP, the signal from the Shockley surface state 
decreases with each increasing exposure and a new state, labeled B, grows with the 
coverage.  This peak is located at the energy of −0.16 eV below the Fermi level. In addition, 
as the exposure increases the low-kinetic-energy cutoff decreases in energy; this decrease 
originates from a decrease in the surface work-function.  In addition, another low coverage 
data were also taken for p-FTP at low coverage and it was found that a similar appearance 





Figure 8.2 2PPE spectra of (Left) TP/Cu(111) and (Right) p-FTP/Cu(111) at low coverage. 
These series of spectra were collected at different exposure times shown in the right side 
of each figure. The photon energies used are 3.76 and 3.88 eV for TP and p-FTP, 
respectively. At the bottom of each panel, the TPPE spectrum of clean Cu(111) is shown. 
Each thick solid line indicates the low-energy cut-off for each photoemission spectrum. 
The Fermi edge is also indicated as a dashed line. Features A (surface state), B and B′ (new 
features) have binding energies of ~ 0.4, 0.16, and 0.14 eV, respectively. 
One of our most striking observations is the strong change in low-energy cutoff 
with coverage that is observed for both TP and p-FTP, as well as the fact that this behavior 
occurs with opposite polarity for each of the two molecules. This shift in low-energy cutoff 
can be related to a more fundamental quantity, the change in work-function,  by using the 




between low-energy-cut-off and Fermi level, i.e. , where and 
are Fermi edge and low-energy cutoff in the 2PPE spectra, respectively. The coverage-
dependence of interface dipole (or work-function) is due to the orientation of 
benzene/fluorobenzne group of molecule. At low density, a lying-down geometry of the 
deposited molecules is preferred/energy-favorable, but at high density a standing-up 
geometry is dominating. This result is shown in Figure 8.3. 






Figure 8.3 Work-function as a function of the total exposure time of TP (red circle) and p-
FTP (blue square) on Cu(111). The dashed line indicates the inflection point of both curves, 
which is at ~100s. The plateau indicates the saturation of the coverage of the adsorbed 
molecules on the substrate. TP and p-FTP are drawn with the arrow indicating the dipole 




To sum up, in this session we studied how a low coverage of benzenethiols on 
Cu(111) affects electronic structure of the molecule–metal interface. Our first observation 
is that adsorption alters the surface polarization of the interfacial layer. Our results show 
that at low coverage the formation of an adsorbate metal bond provides the dominant 
source of polarization and as the coverage increases the change in adsorbate geometry to 
an upright geometry further shifts the surface dipole layer and hence the surface 
polarization. In addition, our results also show the importance of molecule-based surface 
confinement of the Cu surface electrons in altering their energetic location and dispersion 
of this surface band.  
8.3 Coverage-Dependent Modification of the Surface Electronic 
Structure of an Organic-Semiconductor-Adsorbate Layer – HBC on 
Cu(111) 
In this work, we use the model system of the organic semiconductor, hexa-cata-
hexabenzocoronene (HBC), on Cu(111) to develop a fundamental atom-level 
understanding of the interfacial electronic structure. We use 2PPE in conjunction with 
UHV surface preparation to probe the interfacial electronic structure of a pristine 
HBC/Cu(111) interface. It is found that increasing the HBC coverage shifts the vacuum 
level of the Cu substrate until this shift saturates at a coverage of ~2 ML.  Over this same 
range of coverage, the Shockley and the bare-surface Cu(111) image-potential states are 
shown to be quenched, while new unoccupied states appear and grow in strength with 
coverage. The use of momentum- and polarization-resolved photoemission spectra reveals 





Figure 8.4 Molecular structure of hexa-cata-hexabenzocoronene. The molecule is ~14 Å  in 
width and has a bending angle for the intersecting pentacene-like subunits of ~20˚. (Right) 
A schematic plot showing our experiment model system set-up. 
Our choice of model system is based on recent interest in and synthesis of HBC, a 
promising organic photovoltaic material, as shown in Figure 8.4.  HBC is known to be a 
non-planar p-type organic semiconductor, which is photoconductive with high-efficiency 
of charge separation [11]. The material is also chemically air-stable when processed in 
organic solution. It has also been characterized/tested via the fabrication of HBC solar 
photovoltaic devices, as described in Ref. [12]. HBC is a robust molecular species; thus 
differential scanning calorimetry experiments have shown that HBC is thermally stable up 
to 320˚C.  
Figure 8.5 shows our highly-tunable bichromatic photoemission measurement of 
HBC on Cu(111) at low coverages. These data show clearly an evolution of the electronic 
structure with coverage. First, at the spectral feature A: when coverage increases to 0.1 
ML, this feature rises above the signal-to-noise ratio and then grows with increasing 
coverage.  In fact, a plot of the intensity of this feature normalized to that of the image state 
(IS) vs coverage, shows clearly that the spectral intensity of this peak vs coverage is anti-




in the bichromatic 2PPE spectra, while this state is not observed in other monochromatic 
photoemission spectra. The reason that this state is observed in bichromatic 2PPE is 
because the energy of the pump photon in bichromatic 2PPE Ehpump = 4.72 eV (with 
Ehprobe = 1.55 eV) is high enough to access the image state in the first step of the two-
photon photoemission scheme, whereas in the monochromatic pumping scheme used here 
the pump photon energy is Eh < 4 eV and is energetically unable to access the image-state.  
Second, this coverage-dependent measurements also show that the energy of the A 
state, as measured by its peak location, is independent of the sample work function even 
for a work-function change (decrease) of ~ 0.3 eV. This absence of a shift with work 
function change is also seen, for example, in the case of the bare-surface Cu(111) image 
state, which is denoted by the label IS. In this connection, extensive prior measurements of 
image states on metal crystals have shown that such states, which are intermediate states 
for 2PPE, are ”pinned” to the Cu(111) local vacuum level. The present results suggest that 
the A state is an unoccupied state located at ~3.7 eV above the Fermi level (or 1.15 eV 
below vacuum level at 0.3 ML); thus for our excitation scheme, it is an intermediate state.  
In order to confirm that this state was an intermediate state, experiments were carried out 
to measure the photon-energy dependence of monochromatic 2PPE at large detection 
angles or k|| > 0.20 Å
-1. These experiments (not shown in the figures) showed that the peak 
of the A state shifted linearly with photon energy, thus positively identifying it as an 






Figure 8.5 (a) Normal incidence bichromatic 2PPE spectra of 0.0 (bare Cu), 0.1, 0.2, and 
0.3 ML HBC/Cu(111) with Ehpump = 4.72 eV and Ehprobe = 1.55 eV. The arrow indicates 
a new state “A”, which grows in intensity with coverage. IS and SS are the image state (n 
=1) and Shockley surface state, respectively. The data is normalized with respect to the 
intensity of the IS. (Inset) Area of IS (red) and A (blue) as a function of coverage. (b) 
Normal incidence monochromatic (Eh= 3.10 eV) and bichromatic 2PPE spectra of 0.3ML 
HBC/Cu(111). Intermediate states such as A and IS appear in the bichromatic spectrum 
only, as is discussed in the text. (Inset) Schematic position-dependent energy diagram of 
an HBC island on Cu(111). (c) The excitation pathways of resonance states for the 
monochromatic and bichromatic 2PPE data are shown in (b); the pathways are determined 
using the known photon energies and the energies of the surface states. The local work 
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In order to examine the extent, to which the states were localized, as well as to assist 
in their identification, bichromatic angle-resolved 2PPE measurements were made in the 
vicinity of peak A using Ehpump = 4.68 eV and Ehprobe = 1.55 eV for a surface with 0.3 
ML coverage; this set of data is shown in Figure 8.6(a) as electron distribution curves at a 
set of angles and the binding energy vs. parallel momentum. Figure 8.6(b) shows clearly 
that state A is dispersive. In addition, observe that despite the limit to our energy resolution, 
the data in Fig. 8.6 have been measured using bichromatic and angle-resolved 
measurements to separate their dispersion curves for the states shown in Fig. 8.6(c). In 
Figure 8.6(c), the dispersion curves of the state A are plotted for electron kinetic energy vs. 
parallel momentum. Our data show that the effective mass of state A (mA*) is 1.1 ± 0.1 me. 
In addition, the image state, IS, appears possibly less dispersive, i.e., m* = 1.5 ± 0.5 me, 
than for typical image states, m* = 1.0 me, on clean surfaces. In addition, the data also show 
that there is no change in the Shockley surface-state dispersion with low HBC coverage. 
Finally, note that the linearly dispersive bulk copper sp state is apparent as a weak spectral 






Figure 8.6 (a) Angle-resolved 2PPE spectra of 0.3 ML HBC on Cu(111) in the vicinity of 
peak A with Ehpump = 4.68 eV and Ehprobe = 1.55 eV. (A: a new state, IS: image state (n 
= 1), SS: Shockley surface state, SP: bulk Cu intermediate state [13]). (b) Data taken in a 
selected energy range with Ehpump = 4.62 eV and Ehprobe = 1.55 eV to improve the signal-
to-noise ratio. (c) The dispersion curves of the state A, image state, and surface state 
derived from (a).  
To conclude, the surface states of a metal surface, say an electrical contact, are 
sensitive probes of the adsorption and modification of its surface structure and its electronic 
properties by an adsorbed organic layer. In our experiment, a promising organic 
semiconductor for photovoltaic applications, HBC, was deposited on a Cu(111) substrate 



































































understanding from prior annealing tests. The electronic structure of the newly formed 
interface was then monitored by angle- and polarization-resolved 2PPE at a sample 
temperature of 300 K. While the work function of the HBC/Cu system monotonically 
decreases with an increase in coverage of up to 2ML, the image potential state evolves in 
a more complex manner. As coverage increases for  = 0 - 1ML, the n = 1 state of the bare 
Cu surface is converted to state A, which has the σ symmetry of a typical image state. At 
the same time, the Cu sp surface state is quenched with coverage. For  = 1 - 2 ML, an 
additional state, B, begins to grow and becomes the most predominant feature among the 
unoccupied surface states. As for the case of state A, state B is dispersive, with a binding 
energy comparable to the n =1 image state of Cu. The energetic position of both of these 
intermediate states is indicative of the image electrons being trapped by the local work 
function discontinuity at the HBC island edge in each of the coverage regimes.  The value 
of the local work function for each state is compatible with prior observations of work 
functions of organic species on Cu(111). 
8.4 Trapping Surface Electrons on Graphene Layers and Islands on 
Ir(111) – an Image Potential State Study 
In this session, we applied the same surface analysis technique using angle- 
resolved 2PPE and ARPES to map the bound, unoccupied electronic structure of the 
weakly coupled graphene/Ir(111) system. The energy, dispersion, and lifetime of the 
lowest three image-potential states are measured. In addition, the weak interaction between 
Ir and graphene permits observation of resonant transitions from an unquenched Shockley-




potential-state lifetimes are comparable to those of midgap clean metal surfaces. Evidence 
of localization of the excited electrons on single-atom-layer graphene islands is provided 
by coverage-dependent measurements. 
 
Figure 8.7 Schematic plot of 2PPE transitions (arrows) between surface and image-
potential states. The experimental results (dots) are compared to calculations (lines). The 
projected bulk-band structure of Ir(111) along the ГK̅̅̅̅  direction is shaded according to the 
total and sp- density of states (DOS) at the right and left, respectively. 
We have observed and measured the properties of image-potential states on a 
graphene monolayer on Ir(111). A schematic plot is shown in Figure 8.7, and the 




is 40% larger than expected from the position of the graphene vacuum level relative to the 
Ir(111) band gap. There is no prominent indication of a second main series of image-
potential states as predicted for free-standing graphene [14]. Apparently, the underlying 
metal substrate breaks the mirror symmetry of the graphene layer and the state of odd 
symmetry shifts up in energy, as has been calculated for graphene on Ru(0001) [15]. In 
addition, the image-potential states can be excited efficiently from a downward dispersing 
Shockley surface state in the sp-band gap of the Ir(111) band structure (Figure 8.8), 
indicating a sizable overlap of the wave functions of these states located at the substrate 
interface and graphene surface, respectively.  
 
Figure 8.8 (a) Intensity map of the 2PPE signal recorded with photon energy h = 1.59 eV 
for 1 ML graphene on Ir(111). Points represent the intensity of the lowest n = 1 band. (b) 
ARPES map showing initial states for h  = 55 eV. 
Moreover, we measured the average work function Φ was measured via 




and ΔE is the difference between the Fermi level cutoff and the low-energy cutoff. As has 
been shown in earlier work [16] that the average and local work functions play an important 
role in interfacial electron localization. Figure 8.9 displays the work function (open 
symbols) as a function of graphene coverage. The work function decreases approximately 
linearly from a value 5.79 ± 0.10 to 4.65 ± 0.10 eV from Ir(111) to 1ML graphene. Reported 
values of the work function for Ir(111) are 5.76 and 5.79 eV [17][18]. The work function 
of the graphene-covered surface on Ir(111) is between the values for Pt(111) of 4.87 eV 
and free-standing graphene of 4.48 eV [19], which is consistent with the weak bonding 
between the Ir(111) and the graphene overlayer and a p doping of the graphene [20]. The 
linear decrease of the work function is known for other systems and is due to the averaging 
over substrate and overlayer islands [16].  
 
Figure 8.9 Sample work function (open symbols) and image potential states n = 1, 2, and 
3 binding energies (solid symbols) as a function of graphene coverage. The dashed line 
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Summary and Outlook 
“It is change, continuing change, inevitable change, that is the dominant factor in society 
today. No sensible decision can be made any longer without taking into account not only 
the world as it is, but the world as it will be.” - Isaac Asimov 
 
9.1 Summary 
This fascinating story of 2D materials dates all the way back to the early 20th 
century, when the existence of two-dimensional (2D) materials was a highly debated topic 
in the physics community. In fact, Peierls and Landau have stated that, from a statistical 
physics perspectives, 2D materials are thermodynamically instable at any finite 
temperature due to thermal lattice fluctuations. It was not until 2004 when Novoselov and 
Geim successfully isolated the first truly 2D single-layer material – graphene that started 
an epoch of atomic-scale 2D material research, pushing the physical boundary of material 
science to its extreme. The existence of graphene did not violate the physics laws that 
Peierls and Landau warned of, on the contrary, it broadened the physics in low dimensions 
and lead us into this new 2D “flat land.” 
The invention of graphene as well as its early success showed that it is possible to 
create stable, single and few-atom- thick layers of van der Waals materials, with excellent 




Waals materials have a  rich spectrum of properties and can potentially be engineered on-
demand. They also have shown exciting possibilities in device applications ranging from 
electronics, photonics, energy harvesting, flexible electronics, transparent electrodes, and 
sensing. For example, graphene is semi-metallic and has extremely high carrier mobility 
and high on-and-off ratio for transport devices; hexagonal-boron nitride (h-BN) is 
insulating and ultra-flat, and has an almost identical lattice constant to graphene that makes 
it a perfect substrate; “beyond graphene”, there are monolayers of transition metal 
dichalcogenides, e.g. MoS2 and WSe2 that are direct bandgap semiconductors with 
thickness dependent bandgaps. Each of these materials has their unique advantage for 
device application, and when combined, new physics and a library of novel devices arise. 
In this thesis, we focus on the semiconducting transition-metal dichalcogenides 
(TMDCs), MoS2 and WSe2; both of them have a direct bandgap in monolayer form that 
avoids the Achilles’s heel of graphene of being a gapless material. We study the surface 
morphology and electronic structure of MoS2 and WSe2 by using a SPELEEM system that 
gives us the capability of probing micro-sized surface structure, crystallinity, and band 
structure all at once. 
Our research started with probing the surface morphology and structural quality of 
ultrathin MoS2 flakes, prepared by mechanical exfoliation or CVD, using LEEM and μ-
LEED. We tackled and solved the issues of sample charging and surface corrugation by 
transferring MoS2 crystals to a native-oxide-covered Si wafer. In addition, we developed a 
surface doping technique using alkali-metal ions to image grain boundaries. We have 
investigated MoS2 films on different substrates, of different thickness, as well as using 




our model system for studying electronic structure. We found that real-space probing by 
LEEM in conjunction with k-space probing by µ-LEED has shown that CVD-grown MoS2 
single crystals have comparable crystal quality to that of exfoliated MoS2. Our results have 
also shown that as-grown CVD MoS2 sample islands have a fine vein-like or rippled 
structure, as revealed via potassium deposition; this leaf-like morphology is lost after 
sample transfer to a silicon substrate. We attribute this structure to strain fields formed 
during CVD growth. We also developed a procedure to transfer and clean the MoS2 sample 
that has been proven very crucial in all of the surface sensitive optical and electrical 
measurements. These early works are an important step toward a broader understanding of 
MoS2 surface morphology on different substrates and establishing strategies for MoS2 
synthesis. 
On the basis of the sample preparation procedure we developed, later, we 
successfully performed µ-ARPES measurements to probe the valence bands of monolayer 
MoS2 derived from the Mo 4d and S 3p orbitals. The result matches the DFT predictions 
generally well and shows a striking difference when compared with few-layer and bulk 
MoS2. The observed increase in the VBM at Κ̅  in monolayer MoS2 provides a direct 
measurement of the indirect-to-direct band gap transition in going from few-layer to 
monolayer MoS2.  The concomitant decrease in the dispersion of the VBM at Γ̅ leads to a 
substantially larger hole effective-mass, which explains the low hole mobility of monolayer 
MoS2 compared to bulk MoS2. This direct observation of MoS2 band structure transition is 
the first direct proof to the previous theoretical predictions and optical measurements.  
Following the MoS2 measurement, we also probed the surface structure and 




the same ultra-clean and pre-patterned native-oxide Si substrate. Other than having a larger 
bandgap, WSe2 is of interest because it also has a strong spin-orbit splitting and can be 
fabricated into both p- and n- type transistors, making building a bilayer WSe2 p-n junction 
device possible. We used LEEM and µ-LEED to probe real-space and reciprocal-space 
structure of WSe2. The results reveal clearly-resolved thickness-dependent contrast and 
diffraction spot widths, respectively. We used µ‐ARPES to probe the occupied valence-
band structure and have confirmed the transition of the valence band maximum from Γ̅ to 
K̅ as the thickness is reduced from few-layer to 1ML WSe2; this observation provides 
support for an indirect‐to-direct bandgap transition. For monolayer WSe2, we have found 
a lower bound of 1.8 eV for the bandgap and measured a hole effective mass of 1.4 m0 at 
K̅ and 3.5 m0 at Γ̅. We expect that these results will provide insight to the understanding of 
the optical and electronic properties of monolayer and multilayer WSe2.  
To go a step further, we studied the MoS2-substrate interactions. We performed 
ARPES measurements on suspended and supported monolayer MoS2 using a different 
SPELEEM system. Our ARPES measurements of suspended MoS2 reveal good qualitative 
and quantitative agreement with theory and elucidate the effects of a native-oxide Si 
substrate on the band structure of monolayer MoS2. We found a suggested expansion of 
the in-plane lattice constant and deduce also an expansion of the intra-plane lattice constant, 
which may be indicative of an atomic structure that is sensitive to layer stacking. By 
comparing both supported and suspended monolayer MoS2, where the in-plane lattice 
constant expansion is prevail in both cases, we deduce that this expansion is a structural 
lattice relaxation due to the removal of out-of-plane confinement when thinned down to 




the substrate-supported monolayer MoS2 by ~10%, indicating a mobility boost via 
suspension. 
We now shift our focus to study the interlayer coupling of bilayer MoS2 and how 
the electronic structure changes with interlayer twist angles. We prepared CVD-grown 
large area monolayer MoS2 flakes, and stacked the two sheet of monolayer MoS2 with 
arbitrary twist angles from 0° to 60° via transfer techniques. We then imaged these twist 
bilayer MoS2 flakes using both bright-field and dark-field LEEM. The bright-field LEEM 
imaging provides real-space structural measurements of twisted-bilayer MoS2 (TBMoS2), 
while dark-field LEEM imaging, combined with µ-LEED, help us define the interlayer 
crystal orientations. We also probed the occupied valence-band structure of bilayer MoS2 
at twist angles of 0°, 13°, 26°, 39°, 47°, and 60° using µ‐ARPES. We observed an energy 
shift of up to 200 meV at the VBM at Γ̅ when the twist angle reaches ~30°. Since the VBM 
and CBM at K̅ are predicted to be independent of interlayer twisting, bandgap opening is 
solely determined by the energy level of the VBM at Γ̅. This variation at Γ̅ is due to the 
evolution of the interlayer coupling strength which in turn is a function of the interlayer 
spacing. Thus, the Γ̅ VBM state shifts in energy with twist angle, and thus one can tune the 
bandgap of bilayer MoS2. This observation agrees well with theory and PL measurements. 
We expect that these results will provide physical insight to the understanding of the optical 
and electronic properties of TBMoS2, and to engineering the bandgap by tuning the 
interlayer coupling, since the ability to control the interlayer coupling is important to the 
development of TMD-based devices. 
In the final part of this thesis, we briefly discuss our studies on classical 2D surface 




assembly molecules, thiopheonol and 4-fluorothiophenol, adsorbed on a Cu(111) surface 
to understand their work function, interfacial dipoles, and interfacial states as a function of 
coverage. We found that the orientation of the molecules and their intrinsic dipole moments 
played an important role in surface polarization and their self-assembled structures. We 
also developed the apparatus and procedure to carefully deposit the molecules at well-
controlled temperature and dosage. We took a step further to apply these techniques to 
study another molecule/metal system – HBC, an non-planar organic semiconductor for 
photovoltaic applications, on Cu(111) surface. We investigated the interfacial electronic 
structure of HBC on Cu(111) as a function of coverage. Based on our polarization- and 
momentum-resolved 2PPE, we concluded that the porous structure of HBC film causes a strong 
localization of image electrons from zero to one monolayer coverage. The local film structure 
transformed from porous to smooth by increasing the HBC coverage. As a result, a highly 
dispersive image state on 2ML HBC islands became predominant. Last, we studied epitaxial 
graphene grown on Cu(111) as a model system using 2PPE and angle-resolved 2PPE, and 
our data were confirmed by theory and earlier experimental results. Then, we studied as 
grown CVD-prepared graphene on Ir(111) suface. We confirmed that the surface states 
excited by the two-photon process in Gr on Cu(111) system were image potential states, 
and the origin of these image states is due to electrons trapped in the interface of graphene 








Thus far, we have investigated several 2D systems using LEEM, LEED, ARPES, 
XPS, XPEEM, and 2PPE to understand their surface and electronic structure. However, a 
complete understanding of the 2D material family and their unique electrical and optical 
properties is still far from complete. In terms of understanding the electronic structure of 
TMDs, there remain many interesting and fundamental physical phenomena to explore, for 
example, the strong spin-orbit coupling in TMDc that induces a large spin-orbit splitting at 
K̅ point, band renormalization, interfacial charge transfer, and bandgap engineering via 
changing interlayer spacing, strain, or modifying structural configuration. To fully 
investigate the physics behind these phenomena, we propose to use spin-resolved ARPES 
embedded with molecular beam epitaxy (MBE) growth capability, and an angle- and spin- 
resolved 2PPE system with an ultra-fast laser probe. These apparatus are, in part, aceessible 
in the newly-built National Synchrotron Light Source II in Brookhaven National 
Laboratory. We plan to start with our model system, MoS2 and WSe2, to measure the spin-
valley coupling and their Rashba spin-orbit splitting using spin-resolved ARPES system. 
Also, measurements carried out at low temperature and various doping levels will be 
performed. These measurements will be extremely valuable in designing, fabricating and 
optimizing these materials for future device applications. 
Other than single-specie TMD materials measured in this thesis, recent research 
focus in 2D community have been extended to heterostructure and heterojunction of TMDs, 
i.e. junctions and devices made by stacking two or more layers of different 2D crystals. 




modern electronic and photonic devices, the basic idea here is to build new 2D material 
devices by stacking different 2D layers, for which each material possesses their own unique 
functionality. In these heterostructure model systems, strong covalent bonds provide in-
plane stability of 2D crystals, whereas relatively weak, van-der-Waals-like forces are 
sufficient to keep the stack together due to large contacting area. This property creates an 
atomically sharp, coherent, and surface passivated interfaces; this interface is ideal for 
building high mobility transistors, solid state lasers, light emitting devices, and solar cells. 
For example, hexagonal boron nitride (h-BN) has been used extensively to be a protection 
layer or an ultra-flat platform for holding graphene and many 2D layered materials, as 
graphene has been considered a perfect buffering contact that bridges 2D materials and 3D 
metal contacts, forming an ohmic contact with 2D materials and metals. Our current work 
(in progress) has focused on graphene-MoS2 heterostructures, as the next step from our 
twist bilayer MoS2 studies. We have studied the hybrid electronic structure of bilayer 
graphene-MoS2 system, as a function of interlayer twist angles and stacking sequence. We 
found that the as-transferred graphene bands do not hybrid with MoS2 bands, and the afore-
mentioned out-of-plane interlayer coupling still affects the top-most-valence bands and is 
also a function of the twist angles. We also plan to study other heterostructure systems, 
such as MoS2-MoSe2 or MoS2-WS2, which has highly proximate atomic registrations. The 
ultimate goal is to minimize or enhance the interlayer coupling in order to modify the band 
structure by interlayer twisting, or via applying hydrostatic pressure using a diamond anvil 
cell (DAC), or by replacing one dichalcogenide atoms with another (e.g. MoS2-xSex, x < 1). 
Moreover, there still remain many promising candidates in the large 2D material 




properties for promising applications; for example, we are currently examing mono- and 
multi-layer rhenium disulphide (ReS2), black phosphorous (phosphorene for its monolayer 
film), and several metal-organic perovskites using our established techniques in sample 
preparation and surface probing. Distorted 1T-ReS2 has a unique feature that, it remains a 
direct bandgap material from mono- to multi-layers. This behavior is observed using 
Raman spectroscopy, which the spectrum of bandgap transition shows no dependence on 
the number of layers. Even after further modulation on the interlayer distance (coupling) 
by external hydrostatic pressure, the optical absorption and Raman spectrum remain 
unchanged in 1T-ReS2, implying that the interlayer interaction is indeed rather weak (S. 
Tongay et al.) Thus, this makes 1T-ReS2 multi-layer crystals an ideal platform to probe 2D 
excitonic and lattice physics, circumventing the challenge of preparing large-area, single-
crystal monolayers. It is an ideal model system to study the relation of interlayer coupling 
and the band structure. We have probed several thin exfoliated 1T-ReS2 flakes using LEEM, 
LEED, and ARXPS. A thorough study of its surface and electronic structure using ARPES 
is needed. 
Another hot topic in the 2D community is the afore-mentioned (black) phosphorene. 
Phosphorene, like MoS2, is a semiconducting layered material that is flexible and can be 
mechanically exfoliated from black phosphorous ore. It has been reported to have a 
comparable hole mobility to that of a bulk MoS2, and a layer-dependent direct bandgap 
like the 1T-ReS2. Because the band gap is a fundamental factor in determining electronic 
screening and corresponding many-electron interactions in the material, the optical spectra 
and excitonic effects of few-layer phosphorene shall also be controlled by the number of 




how the electronic structure and excitonic properties of a 2D material transition to that of 
a 3D material. So far, due to the ready reactivity of phosphorene to oxidation, a direct 
ARPES measurement with ex situ prepared phosphorene is not yet successful. One solution 
is to coat a protection layer on the phosphorene sample, before introducing it to the UHV 
experiment chamber. Another move is to grow the phosphorene in situ in UHV chamber 
without exposure to air.  
Furthermore, we are working on thin-films of perovskites such as lithium niobate 
(LiNbO3) and butyl ammonium lead iodide. For the case of LiNbO3, it is a material of a 
long history of industrial and research development and rich applications in laser-frequency 
doubling, non-linear optics, Pockels cells, optical parametric oscillators, and Q-
switching devices for optical systems. Here, we propose to transfer graphene on LiNbO3 
thin-film consisting of two different poling to measure its band structure and surface 
potential. As for butyl ammonium lead iodide (or lead iodide perovskite), an organic-metal 
perovskite that is also a layered material and can be prepared by mechanical exfoliation, it 
can be used for making ultra-thin and high performance solar cells or photovoltaic devices. 
A hybrid lead iodide perovskite and lead sulfide quantum dot heterojunction solar cell has 
been reported to exhibit high efficiency and open-circuit voltages of 1 V. We propose to 
study the exfoliated mono- to multi- layer lead iodide perovskite, and with alkali metal 
surface doping, to understand its electronics structure, the effect of intrinsic defects, and to 
optimize its performance as a solar cell device. Also, on top of Raman studies, we aim to 

































We summarize some of our experimental work on unconventional samples using important 
figure. 
A. Black phosphorous and phospherene 
 
Optical microscope image of black phosphorous (BP) on a native-oxide/silicon sample; 
water, air, and light induced degradation of BP is reflected by the small blackdots on the 







BF-LEEM image of a thin flake of black phosphorous sample prepared by 
mechanical exfoliation; and LEEM IV measurements on three spots of different thickness. 
The flake thickness is such that center > bottom >> top. The inset is the corresponding 















B. 1T-ReS2 thin films 
 
Exfoliated monolayer 1T-ReS2 on a native-oxide/silicon substrate and its optical 
corresponding optical-microscope and LEEM images. Its XPS spectrum (below) shows 
little to no Re signal: 
 
XPS spectrum of the core levels of the ReS2 flakes, the substrate, and the surface residue 





LEED and DF (dark field) - LEEM patterns of a thin bulk 1T-ReS2. The 1T structure of 
ReS2 is very different from the usual 2H structure. 
 
ARPES measurement of thin-bulk 1T-ReS2 and its band dispersion along the high-
symmetry direction K-Г-M and with curvature filtering. 
 
